Studies on the catalytic thermal decomposition of solids by Jackson, John Ernest
ABSTRACT OF THESIS
„ ... John Ernest Jackson, B.Sc.,
Name of Candidate
Address
Decree Doctor of philosophy Date ...1.96.4*..^ Thermal
Title of Thesis Studies on the Catalytic /d)ecoinpoadtion of Solids
A brief outline has been given of the present knowledge of the kinetics
of the thermal decomposition of inorganic solids.
The effect of NiO, CuO, ZnO, MnO^ andol-Al^ on the decomposition
of potassium permanganate in the solid state has been studied using pelleted
samples of 1.1 mixtures, by weight, of permanganate and oxide. The decomposition
in all cases, could be accurately represented by the equation
KtvInO^—^ KgMnO^ + MnOg + 02
The oxides were found to catalyse the initial stages of the decomposition but
their effect was exhausted, with the exception of NiO, after <K= c 0.15* The
decomposition in the later stages, ck = 0.15 - 0.9 followed the Prout-Tompkins
equation, viz.
log ck/1 = kt + c
two values of k being required. This requires the acceleration or autocatalytic
staged= 0.15 - 0.5 to proceed by a "branching plane" mechanism in which the
planes interfere, k being a measure of the probability of branching. The second
value, kg, is required for the decay stage of the decomposition d\ = 0.5 - 0.9*
Since in thect- range 0 - 0.10 a common kinetic equation did not hold for
all the systems studied, it was necessary, in order to measure the relative
catalytic efficiency of the oxides, to resort to arbitrarily selecting the inverse
of the time required ford to reach 0.05, as a measure of the catalysis. This
procedure gave the following "activity series"
NiO > FegO > CuO > ZnO^.- AlgO > MnOg
The activation energy for the decomposition in this region, as measured by oxygen
evolution, was 58+5 k. cals/mole; irrespective of system. The catalytic action
of the oxides is therefore due to a change in the pre-exponential term of the
Arrhenius equation. Their action would appear to be dependent on an "active
surface" and on oxide surface area, since heating to 1000 C, in the case of
NiO and ZnO, destroyed the catalysis. The semi-conductor properties of the
oxides do not appear to be important: the incorporation of altervalent lithium
and chromic oxide into the lattices of nickel and zinc oxide respectively led to
no significant change in catalytic activity or kinetics.
The changes in electrical conductivity of the permanganate - oxide pellets
were measured during the decomposition of the permanganate. The results have been
explained within the mechanism proposed by Smirnova, although the exact identity
of the intermediate given as MnO. or of the conducting species assumed to be an
electron, could not be established. These results suggested that the rate
determining step of the decomposition is probably the removal of an electron from
the permanganate ion. The activation energy for the production of the charge
carrier, 38+2 k. cals/mole, is not significantly different from that for the initial
decomposition as measured by oxygen evolution. The presence of oxides, with the
exception of ZnO (1000°), ZnO + Cr^O^ andoi-Al^O^ did not alter the activation
energy of conduction, confirming that the catalysis is due to changes in the A factor.
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This thesis is primarily concerned, with studying the effect
of certain oxides on the isothermal decomposition of
potassium permanganate and to see if electrical conductivity
measurements in conjunction with studies using "doped" oxides
would allow any insight into the mechanism of the decomposition.
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u h n i. it a ; obucn o h
in studies of the thermal decomposition of solids, it is convenient
to use reaction of the type
a(s) ^ b(s) + C(gas) 1
Endothermic reactions of this type, however, may present experimental
and theoretical difficulties due to the possible occurrence of both dissociation
and recombination processes. Nevertheless such investigations are worthwhile since
the information gained concerning nucleation and the interface reaction is not
readily obtainable elsewhere, A comprehensive review of such reactions has been
given by Garner*.
Because of these difficulties, most of the reactions studied fall into
the category of irreversible exothermic decompositions, the kinetics of which can
easily be followed by measuring the increase in pressure of the evolved gas or
the loss in weight of the solid. The thermal decomposition of potassium
permanganate is an example of this type of reaction.
The first stage of the experimental study of a thermal decomposition is
usually the determination of the form of thecurve (Fig. l) where represents
the fraction decomposed. These curves are normally sigmoidal, indicating an
autocatalytic reaction (a) and can usually be divided into three stages: -
(l) An induction or slow reaction period AB, (2) an acceleration stage BC and a
decay stage CD. However if the initial accolatory period is short and the final
decay stage more pronounced, then an asyiaotric curve (b) results. Type (b) is
2 1 4
given by lead styphanate" and mercuric oxalate ; in other cases e.g. lead azide
the induction period is virtually absent (e).
The general form of these curves can be explained by considering the











beginning at special sites in the crystal lattice of A, where local fluctuations
in lattice energy supply the necessary free energy of micleation. The rate of
decomposition, however, cannot he calculated purely in terras of probability theory
since the molecules of B have finite size. Thus while the first fragments of B
may have superimposed on them the molecular volume anil lattice type of A, larger
particles of B will almost certainly have a different molecular volume and lattice
type. This will cause local deformation in the lattice which is referred to as
"strain". The associated energy is termed "strain energy". For a fragment of
B containing m molecules and a strain energy per unit area of interi'acey, the
free energy of formation is
A Gj = taAu,, (l)
where is a shape factor and G^ is the bulk free energy per molecule. Assuming
spherical particles of radius r and that the volume per molecule of the product
phase is v ,r
m
•2
m a kirrV3vm (2)
Equation (l) can now be written
AGj = mAGg + Y (36vv^) m
=» am" J - km (3)
where a is proportional to the strain energy and b is the negative of the bulk
free energy charge per molecule. Such an expression, providing^is positive,
shows thatAG, must pass through a maximum at ® = ra*, when a fragment has the
critical size to be in equilibrium with its surroundings. Small fragments of B
would thus appear to be unstable reverting back to A, whereas large fragments of
B are stable with respect to the reaction A-^B + C. Further reaction therefore
tends to take place at the interface of the two solid phases. The products B
thus spreads from those points where the reaction first began. It is these points
which are referred to as "nuclei" or growth nuclei. The unstable nuclei where
3
rn^m* are known as "germ nuclei".
If we assume that the free energy of activation of the interface reaction
is substantially less than that for nucleus formation, then the reaction proceeds by
the formation of compact nuclei distributed throughout, the matrix of A, This has
5
been observed by Wischin with barium aside. The general autocatalytic nature of
such reactions can now be explained in terms of the slow formation of nuclei at localised
spots in the reactant followed by their relatively fast growth. Curves of type (b)
would result if there was no great difference between the activation free energy for
growth and nucleus formation, since in this case a large number of small-nuclei
could be formed, none of which would grow to viaable size; hence the reduction in
the acceleratory period. Curve (c) which is the limiting case of (b) would result
of the probability of nueleation was enhanced e.g. by grinding. This enhancement
probably occurs because grinding (c.f, the cold working of metals) will produce a
6 7 8 9
high concentration of ion vacancies and increase the number of dislocations' ;
and because the energy required for nucleation is least at lattice imperfections
such as dislocations***, vacancies, Sssekal cracks. Crowth of nuclei is also preferred
at these sites, since large lattice stresses cannot be supported in their vicinity.
This last point was experimentally shown by hedges and Mitchell** in the photolysis
of silver bromide.
Kinetic equations, expressing as a function of time, can be derived also
by considering the production and growth of nuclei. If we assume that the decomposition
of a single molecule leads to the formation of a growth nucleus, then the rate of
nuclcation can be given by
dN/dt = k-j Nq exp, (-kjt)
where N is the number of nuclei at time t; Nq is the number of potential nucleus
4
forming sites. This is known as the exponential law.
II however several successive decompositions or the reaction of several
intermediates are required; the rate of nucleation is given by a power law
dN/dt « i)t?
The growth nuclei so formed then grow either one, two or three dimensionally
and assuming that the nuclei grow at a constant rale, as visual observation of copper
13 14 15
sulphate pentahydrate , nickel sulphate hoptahydrate and barium azide has shown;
a power law
cK 1:3 At "J* C
is derived.
This law represents normal growth, the value of n depending on the
dimensions of growth and the rate of nucleation. The power law holds well for
bariuia azide1, silver, oxide11 and aged mercury fulminate1''. however since no
allowance is made for possible overlap between growing nuclei nor for the
complications caused by cracking of the crystals due to strain, departures from
the law are to be expected.
17
Avrarai , by allowing for overlapping of nuclei derived an equation
® 1 ~c.kt
which should apply for both the acceleration and decay periods providing the reaction
interface remains intact. Should the interface collapse, then, since each molecule
can now be considered to have an equal chance of decomposition, a unimolecular
decay law would be required.
18
Garner and bailee , in order to explain the high values of n (11.2 - 22.8)
they found with whole crystals of mercury fulminate, introduced the concept of
nuclei as linear branching chains. Such a supposition leads to the derivation of
kt
an exponential increase of oi. with tio,c<, » Ce" .
This exponential law held up tod® 0.5 for large crystals pf lead
2 19
styphanate and up to <A = 0.3 for freshly prepared silver oxalate . Although
there was thus experimental verification for the exponential luw, the concept on
which it was based was doubtful.
There are two accepted explanations for an exponential law. The first
assumes that the reaction spreads by a "branching plate" mechanism whereby the
reaction interface is increased by the foraation of new surfaces by cracking and
not by the production and growth of new nuclei. Such a mechanism is thought to
occur due to the product molecules forming decomposition spikes on the surface of
the crystal which exert a lateral stress on the crystal. This is relieved by
cracking, thus revealing fresh surfaces. uch cracking would be expected to be
facilitated by the presence of dislocations in the crystal. Then, provided the
rate of reaction is dependant on the rate of branching, an exponential law can be
derived
* - **kt
k being the probability of branching,
20
Prout and Tompkins extended this theory by introducing the concept of
interference between the branching Tilates which would result in the termination of
the chains involved. This altered the exponential law to
loge 4/1 kt + C.
They found that this expression held throughout the decomposition of
potassium permanganate excluding the induction period. The Prout-Tompkins equation
21 22 23also holds for a series of alkali and alkaline earth permanganates ,
2k T'5 26araiaoniura dichromote , lead oxalate and small crystals of mercury fulminate .
The second explanation of an exponential law was first postulated by
27 28
Uarner" and has been develo^ied by Hill in his investigation involving potassiuin
permanganate and its self -sustained reactions with iron and molybdenum. Here nucle
6
are thought to be produced by diffusion of product into the lattice, thus increasing
the number of growth nuclei,
During the later stages of any solid decomposition considerable overlapping
of nuclei must occur, leading to the formation of a continuous interface surrounding
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fragments of unreacted solid. If this interface remains intact the Avrami equation
will hold. If, as is to be expected, there are differences in molecular volume the
interface will collapse, leading to a unimolecular law since each molecule iaay now
have an equal chance of decomposition. Should this assumption, however, be modified
by requiring that an unreacted molecule oust be adjacent to a product molecule before
decomposition can occur, then, the ftrout-Tompkins equation is required.
The present work is primarily directed towards the investigation of the
effect of various oxides on the thermal decomposition of potassium permanganate.
While decomposition of potassium permanganate itself has been widely studied,
the effect of oxides and other additives, has, up to the present, received much
less attention. The work carried out on potassium permanganate alone will therefore
be reviewed first, followed by a review of the results obtained with various additives
on the decomposition and on the decomposition of other solids.
The decomposition can be represented by
2 KMnO.-^ KjOaOk + Mn©fJ + 0 .
20
As already mentioned Front and Tompkins " first applied their equation to this
o
decomposition. Using fresh crystals in the tesjierature region 200-225 0 they
found that this equation held overall, excluding the induction period and that it
required two constants as a result of the aseymetry about the point of inflexion
in thec</Time curve. Grinding the crystals reduced the induction period but did
not essentially alter the main acceleratory process; it did however significantly
7
alter the activation energy for whole crystals from ^ = 3> .5 kcals/ffiole = 38,8 kcals
/mole to ^ = 34.5 kcals/mole ® 33,1 kealg/mole where El» E2 represent activation
ener ies for whole crystals and , those for round material. The similarity
between the activation energies, in both cases, for the acceleration and decay stages
supports the view that the same chemical processes occurs in both stages. The
grinding effect they explained by arguing that this would produce a larger initial
concentration of nuclei; hence the reduction in induction period.
The slow initial reaction or induction period was later re-examined in
21
conjunction with the study of the thermal decomposition of tubidiura permanganate ,
In the case of Potassium permanganate it was described by
p » kt + c
where p is the pressure of 01; evolved, and for Rubidium by the expression
p2 « kt + c.
In both cases grinding eliminated this slow reaction. Hie Arrhenius plot
of *k* for this slow reaction with whole crystals gave the activation energy as
25,5 kcals/mole which is considerably less than that for the main reaction. A
similar discreprancy was found for Rubidium. 'This slow stage they suggested was
due to reaction of a fixed number of nuclei and proceeded along the crystal dislocations,
uch a reaction would be energetically more preferable; hence the lower activation
energy.
29
Erofcev and Smiraova similarly found grinding affected the result, in
the temperature range 211.5 - 227,8°; the acceleration being more marked with finely
ground crystals. Their results fitted the Avrami equation giving values of n « 4*5
for whole crystals and n= 4 for ground crystals. In the initial stage of their
reactio there was considerable deviation from the equation, especially with ground
material. The value of n is represented as related to the number of "stagesJSrby which
t e initial growth nuclei grow in taree dimensions t .us n + 3, a value of four thus
8
indicating one "stage" and n • 5» two"atages" for nuclei growi , These values of n
were obtained by plotting log (log 1/1 -<*) as a function of log t. Such a technique
is insensitive so that any differentiation between the values of n is suspect. However
in a study of aged material'0 they obtained a value of n = 2, representing two
dinensional growth of a fixed number of nuclei. This differe ce between fresh and
aged material i3 significant.
The importance of the initial surface area of the material was further
brought out by B.V. Krofeev'* who reported that at 218° the initial decomposition
rate increased directly with the specific surface area of potassium permanganate,
32
the maximum rate depending only slightly on the surface area. Konatsu has also
shown that the rate of decomposition is dependant on crystal size.
33
The results of Preut and Tompkins have been confirmed by Hi11 and Welsh ,
for fresh material. Their results could be fitted by an exponential relationship
=» Aexp (kt + c).
Aged material however gave poor exponential relationships.
flie only systematic study of tbe effect of oxides on the thermal decomposition
34
of potassium permanganate has been carried out by oginsky and Shultz . Using a
gradually rising temperature and mainly powdered mixtures of permanganate crystals
and oxides they found that the oxides catalysed the decomposition arid that this catalysis
was more pronounced with powdered permanganate. They found that the oxides could
be divided into three groups depending on their efficiency. Thus NiO, Co^O,,
and CuO were very efficient; somewhat weaker were Mn_0^, Ago0, SnOf) and PbO, much
less effective were Sbo0_, Cr, 0 , SnO, Al(J0_, CdO and PbO,,.4- j &• j <£, Jj *L»
The oxides activity, however, also depended on its node of preparation and
could be destroyed by heating. Thus while ferric oxide prepa od from the oxalate
was very efficient that prepared from the sulphate or hydroxide was only average.
This gradation in the catalytic activity of ferric oxide was arelloled by changes
9
in other physical properties such as solubility and colour.
Since these oxides also acted as catalysts for, other reactions -
decomposition of potassium chlorate, ozone and barium peroxide - forming a similar
"activity aeries" Roginsky and Shultz attampted to correlate their activity with their
physical properties. They reached the conclusion that the most effective catalysts
were dark coloured paramagnetic oxides. This they believed pointed to the reaction
occurring by an electronic mechanism.
35
Ossinovik and Bel'kevich have found that aluminium powder catalyses
the reaction at 350° but not at 265°.
Smirnova argues from the difference between the activation energy of
growth of the nuclei and that for their formation, both in whole and powdered
crystals, that the solid products act catalytically.
37
Simchen reports that the decomposition is not catalysed by manganese
dioxide or by the reaction products. Prout and Temp;.ins also found that the products
20 21 58
had no catalytic effect on KMnG^' and UbMnO/" while with AglinO. they found that
traces of water catalysed the reaction and that mixing with the end products shifted
the pressure/time curves to shorter times but had no effect on the rate in the
acceleration or decay stage.
A similar series of investigations into the effect of oxides on the
39 40 & 41
decomposition of ammonium perchlorate has been carried out by Solynoai and Kris '
„ , , 42 44
Galwoy and Jacobs and iiermoni and Salmon . The effect of the oxides on this
reaction, however, are much more pronounced. Thus while pure ammonium perchlorate
below 240° gives only 30/^ conversion, in the presence of the oxides conversions of
80 - 100); are obtained and the "explosion temperature" is lowered by approximately
200°, Since most of the effective oxides are of p-type character Solymosi and Kris
45
argue thatthis supports the electron-transfer mechanism proposed by Galwey and Jacobs
10
with the rate determining stage the removal of an electron froa the perchlorate ion
C10, C104 + e.
Certainly their results with doped CuO^*' supports this view. Increasing: the
defect electron concentration by incorporating lithium oxide decreased the induction
period and increased the reaction rate with respect to the reaction with pure CuO,
Incorporating chromic oxide, which decreases the "defect electron concentration", led
to an increase in induction period and a alight decrease of reaction rate#
Their results with zinc oxide^ and doped zinc oxide tend however to
contradict this. Zinc oxide is an n-type semi-conductor and therefore would not
promote the above electron transfer# Similarly any doping* with alumina to increase
the oxides conductivity will hinder the electron transfer, while doping with lithium
oxide to decrease the conductivity will aid the transfer. Their results completely
contradicted this# Thus not only did zinc oxide catalyse the reaction but doping
with alumina shortened the induction period and increased the reaction z-ate, while
coping with lithium oxide increased the induction period and decreased the reaction
rate# Solytaosi and Kris explain this contradiction by arguing that the increased
reaction rate in the presence of zinc oxide is due to the melting of ammonium
perchlorate which takes place during the solid phase reaction with zinc oxide#
Similarly the effect of doping can be attributed, instead of to changes in electron
concentration, to the change in the rate of solid phase reaction between the
perchlorate and zinc oxide, which in turn is probably related to the degree of
sintering the zinc eocide has undergone# In agreement with this is the known fact
that lithium oxide promotes the sintering of zinc oxide while aluminium oxide hinders
it.
Solyraosi and Kris ' have also studied the effect of oxides on the thermal
11
decomposition of potassium chlorate. In this case the oxides used were NiQ# ZnO,
34
CuO, IlgO and TiOg. A similar "activity series" to that found by Roginsky and Shultz
was the result. The most effective was the defect conductor NiO followed by the
intrinsic conductor CuO, then the insulator MgO and finally the electron conductors
ZnO and TiO^. This again points to the reaction occurring by an electron transfer
mechanism. Nickel oxide was found to be the only oxide whose efficiency depended
on its heat treatment.
Smimova^ has suggested that the decomposition of potassium permanganate
could be represented by a mechanism
MnO^ MnO^ + e (1)
MnO^ MnOg + 0^ (2)
MnO^ + e MnO^ (3)
with the rate determining stage step (1). If such a mechanism did hold, then
the role of the oxides could be regarded as aiding or hindering the electron
transfer process. An insight into the possibility of this could perhaps be
obtained by measuring the change in conductivity of pure permanganate and
permangan&te/oxide mixtures during the decomposition. It would also provide the
opportunity to compare the activation energy for the conduction process with that
for the rate determining stage of the reaction as measured by oxygen evolution.
For these reasons the second section of this work is concerned with measuring




The apparatus is shown in (fig. 2) and is similar to that used by Phillips'1' *
The decorapositionswere carried out in a closed system, the increase in pressure, in
a known volume, being continuously monitored by a Pirani gauge. This was of the
compensating type and was operated at a constant voltage by a Wheatstone bridge
method, the out of balance voltage being fed through a shunt into a Sunvic recorder.
The gauge was calibrated against a standard McLtod gauge and was found to give a
linear response up to 100 ju.
The Pyrex reaction vessel, incorporating the thermocouple pocket, was
centrally situated in an electrically heated furnace which was stabilised to better
than 0.1°C by an electronic controller and a yangnrao Weston platinum resistence
thermometer. The basic A.C. mains supply was stabilised by a voltage stabiliser.
The sample was contained in a small bucket constructed from 2 sq. cms. of
0.0025 cm. thick platinum foil and could be lowered into the furnace by means of the
winch, to which the bucket was attached by a fine platinum wire.
The thermocouple was constructed from British Driver ilarris Tj/l^
thermocouple alloys by electric arc welding. It was then calibrated, with one
junction at the bottom of the reaction vessel and the other held at G^C in ice,
in steps of 5°C from 100° - 270°C against a standard Platinum/Platinum - ithodium
thermocouple; the voltage was read to 0.001 nv. on a Tinsley potentiometer type
3184D.
The gases from the reaction vessel passed through trap T^, into the vacuum
line. V consisted of three bulbs, any of which could be connected to the vacuum
line to give pressures in the desired range.
The volume of each sect on of the system was found by expanding a known
*t
ApparatusforOxygenEv lutioMeasurem nts Fig.2
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pressure of dry air from a known volume, through the air leak into each section and
measuring the resulting pressure on the manometer. From Boyle's Law, the volume
of each section was calculated. Small volumes, where necessary, were calculated
from the tubing dimensions. The volumes given in Table 1 are the mean of three
determinations and were obtained with the reaction vessel and both traps at room
temperature. The pressures read on the Mcleod or i'irani gauge were converted to
pressures at 0°C by a correction factor calculated from the respective volumes and
temperatures of the reaction vessel, of the cold traps and of the remaining volume
of the system.
Table 1
Section of System Mean Volume sals. ■ ^ **7? ^ = correction factor
p measured
Reaction line + Tj 542 1.19
McLeod gauge + 519 1.19
Bulb No. 1 1100 1.03
Bulb No. 2 2303 -
Bulb No. 3 2335 -
Total Volume (added) 6799 0.96
The pumping system consisted of a glass two stage mercury diffusion pump,
_3
backed by a Speedivac rotary oil pump, the unit giving a vacuum of 10 ju. Apieson
•L* grease was used for all joints and taps
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2.2. Preparation of the Oxides
Nickel Oxide
Black nickel oxide was prepared by heating basic nickel carbonate for
4 hoars, in an atmosphere of air, at 400°C in an electric furnace.
Ferric Oxide
Ferric oxide was prepared, (cf. Eoginsky^s "active" ferric oxide),
from the oxalate by heating it in an electric furnace for 4 hours at 400°C, again
in an atmosphere of air.
Zinc Oxide
Normal "Analar" zinc oxide was used but for standardisation this was
heated for 4 hours at 400°C.
at Alumina
cK Alumina was prepared by heating normal chromatographic alumina for 3
hours at 1200°C.
Cupric Oxide
Cupric oxide was prepared from the basic carbonate by heating, in air,
for 4 hours at 400°C.
Manganese Dioxide
Manganese dioxide was prepared from the hydrated mangauous sulphate by the
48
method given in Palmers, Inorganic Chemistry . it was finally dried by heating
for 4 hours at 4G0°C. The purity of the .anganese dioxide was then determined by
titration with oxalic acid and potassium permanganate and found to be 78^ pure.
Nickel oxide + 1 Mole# Lithium Oxide
The "doped" oxide was prepared by adding the calculated amount of lithium
carbonate, as a solution in water, to the nickel oxide. This slurry was then
dried overnight in an oven at 130°C. The dried mixture was then thoroughly mixed
15
0
by a mortar and pestle, pelleted and fired for 3 hours at 1000 C to ensure complete
incorporation of the lithium oxide in the .lattice structure of the nickel oxide.
For comparison purposes a sample of "pure" nickel oxide was fired for 3 hours at
1#00°C.
Zinc Oxide + 1 Molc£ Chromic Oxide
This was prepared in an analogous manner. The calculated weight of ammonium
dichromate was added to the zinc oxide again as a solution in wuter. This was then
dried as above, mixed, pelleted and fired for 3 hours at 1000°C, Again a sample of
"pure" zinc oxide was given the same heat treatment.
All the oxides were finally ground to a fine powder and stored, until
required, in a desiccator over phosphorous poatoxide.
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2.3. Experimental Procedure
Since it was intended to malco electrical conductivity measurements at a
later stage of the work and since this would entail working with small pellets of
sample it was decided to work entirely with "pelleted" samples.
These samples were prepared by compressing, unless otherwise stated,
(l:l) mixtures by weight of Potassium permanganate and the oxide under study, in
the following way. The permanganate crystals were first finely ground by hand in a
mortar for a fixed period of ti; c; 5 minutes. The correct amount of oxide was then
added and the mixture thoroughly mixed for 10 minutes. The sample was now loaded into
a Perkin-Elmer dye type 1860002 and conprossed at 10 tons pressure on the ram. This
resulted in circular pellets 13 ras. in diameter and approximately 1 aim. thick. Small
pieces of such a pellet were then used in the subsequent decomposition runs.
Since the grinding of the potassium permanganate crystals required by this
procedure exposes"new" surfaces of permanganate, recrystallised material was not used.
All samples were taken from one batch of "malar" potassium permanganate.
By the above procedure the following oxide/permanganate systems were prepared,
A. Pure KMnO^ G. KMn04/Zn0(l000°)
B. KMn0/i/tAl203 a. JCkiO^/dnO + 1 Mole> Cr^
C. KMnO^/MnOg I, KMn0,/Ni0
D. KMnO^/CuO J. KMn04/Ki0 (1000°)
E. KMn04/Ke203 K. KinO^NiO + 1 Bole^ Lio0
F. KMnO^/ZnO L. KMnO^/lO - 80$ NiO
17
With the weighed sample (approximately lOiag. KMnO^) in the platinium bucket, the
system was pumped out overnight, a vacuum of 10 ^ ji being obtained. The system was
then isolated from the pumps and the taps to the volume bulbs were closed. If after
-2
an hour the pressure remained below 10 " ju the sample was lowered into the furnace and
care taken that it made good contact with the bottom of the thermocouple pocket. The
thermocouple indicated a maximum heating up time of k minutes and gave no evidence of
self-heating in the sample during the decomposition.
With liquid nitrogen surrounding and the Pirani continuously measured
the pressure of oxygen evolved during the decomposition. The volume of the system was
increased as required. The final prea&ure was recorded at least one hour after the
apparent end point had been reached. Thus the fraction decomposed at any time could
be calculated by dividing the pressure at that time by the final pressure.
By this procedure a continuous record of the reaction was obtained. In
many cases only the first 10K/ of the reaction was studied. In these cases full scale
n
deflection of 10 on the recorder with appropriate choice of system volume represented
W
on average 10;i decomposition and as the recorder chart was subdivided into 0.1 , it
was estimated that the percentage decomposition, as read from the traces, was accurate
t!
to 0.035&, as this represented 0.03 • Thus the course of the reaction through a given
I'Jd decomposition was accurately known.
18
2.4. Preliminary Experiments
Preliminary kinetic experiments rv- the various systems were carried out
in an identical manner to that described i™ "^ction 2.3. Graph 1 shown a typical
example of the results obtained.
The presence of the oxides greatly enhanced the initial reaction rate.
This catalytic effect was however exhausted or greatly reduced by the time the
reaction had proceeded to circa 20/4 decomposition. The effect of the oxides was also
reflected in the fact that the shape of the initial section of the "e^" - Time curves
was dependent on the oxide present. However, with the exception of nickel oxide, this
"shape dependency" also vanished after cA* 0.2. in the case of nickel oxide the
effect persisted to the end. This will be discussed more fully in the discussion.
The final volume of oxygen produced in all these runs, irrespective of system, was in
agreement within a few percent with the results of Prout-Tompkins; 1 mole of x>otassiura
permanganate producing 0.5 moles Oxygen.
Thus the decomposition can be represented by
2KMn0^ —KgMnO, * IhO^ + 0^.
No results supporting the further decomposition of the manganate, as suggested by
Simchen37
4KMn04 —t>- 2Kg0 + 3»n0o + MaO^ + 2^0,,
were obtained.
It was therefore decided to carefully study, in the first section of this
work, the first 10^ of the decomposition, talcing only the high temperature runs to
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2.5. Kinetics of the ..^composition
Since as has already been stated the shape of the initial section of the
"cAM - time curves is dependent on the system used examples of these are included in
the appropriate sub-section. Similarly, the kinetic equations required to fit the
initial stages, up to approximately 10$ decomposition, are dependent on the system
being studied.
A complication thus arises in trying to investigate the relative efficiency
of the oxides used since no one kinetic equation covers all the systems studied. Thus
resort had to be made to the technique of arbitrarily selecting the inverse of the time
required for ck to reach 0.03 as a measure of the initial rate and thus of any catalytic
effect. This rate is denoted in the following sub-sections as k^. The main
acceleration and decay stages were kotfever found, in all the systems studied, to give
a reasonable fit to the Prout-Tompkias equation
log10 <A/I-<k - kt + c.
The use of the rate constants derived from this equation, particularly from the runs
carried out in the second section of this work, to construct an Arrhenius diagram for
a k'j° temperature range gave more conclusive pr°°f of the limited catalytic effect of
the oxides, since all the points lay, within experimental error, on one straight line,
irrespective of the system used.
The following tables and graphs show a cross-section of the runs performed
at various temperatures in the range 177 - 223°C, The tables give the respective
functions of 'ck* as required for the analysis used and the graphs show the plots of the
different functions.
The following abbreviations have been used in the subsequent tables:
log « log^jjj IT = log^r cA/l-ck ; k^ ■= rate derived from time to 3$
3 2
decomposition; k» = constant from ck = kt ; k- <= constant from ck m kt ;
.1 2"
« constant frokt; k / = constant from log l/l-ek « kt;
^(1 c<) ~ c0as^an^ frora contracting sphere^® 1 - b - k{ t~to )J '
is the Frout~Tompkins branching coefficient from the equation
1°&10 oi/l-ol= kt + Cj
kg ■ constant from the Prout—Twapkina equation, applicable to the
decay stage;
tQ ® extrapolated time for initial fast growth;
k « constant derived from l/t .
o 'o
21
2,5.1* Kinetics of the decomposition for pure potassium permanganate.
In tables 2, 5 4 and. graphs 2, 3» 4 and 5 and 6 the kinetics are
illustrated for pure potassium permanganate (A). The main features are
that after the induction period, which is temperature dependent, the curves
are acceleratory.
The initial slow reaction was best fitted, in the region 0.01 - 0.10
by the power law
ktn where n a 3
The later stages of the reaction were fitted by the Prout-Toripkins equation,
two values of "k" being required.
Tables 2 and 5 Analysis of system A.
Table 4 Rate constants for system A.
Graph 2 The initial stage of the "ck," - time curves .
X
Graph 5 The initial slow reaction, a plot ofck^ vs , Time,
Graph 4 The initial slow reaction extrapolated haou
to estimate the time required for the initial
fast growth (tQ),
Graph 5 Arrhenius diagram for the initial fast growth.
Graph 6 Arrhenius diagram for normal growth which gives
an activation energy E ■ 37+2 K cals./iaole.
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Table 2 System A KMnO^
tt"*' Al A2 A3
Temp. 212.2°C 205.8°C 201 .8°C
Time
Min CS.X 102 x 10 P.T. ot^X 10"
i
ck° x 10 <Ax 102 dk' x 10
5 0.15 1.14 0.27 1.39 0.10 1.01
10 0.27 1.39 0.63 1.84 0.35 1.52
15 o.39 1.57 0.99 2.15 0.60 1.82
20 0.56 1.78 1.38 2.40 0.83 2.02
25 o.83 2.02 1.83 2.63 1.09 2.21
30 1.12 2.24. 2.38 2.88 1.36 2.39
35 1.57 2.50 3.02 3.11 1.75 2.59
40 2.24 2.82 3.77 3.35 2.15 2.78
45 3.78 3.36 4.67 3.68 2.59 2.96
50 5.58 3.82 5.71 3.85 3.12 3.15
55 8.23 4.35 6.90 4.10 3.72 3.34
60 11.49 4.86 8.11 4.33 4.34 3.51
65 9.60 4.58 5.06 3.70
67 1.55






























































































































































































Hate constants for System A K nO.^
Run 1/T®A x 103 k x 102 t k x 102 k x 102 k, x 102 kn x 102'
j o o x 1 2
Al 2.062 20.5 4.88 2.36 3.50 2.10
A2 2.088 4.86 13.0 7.69 2.89
A3 2.106 3.75 8.0 12.5 2,06
A4 2.123 2.73 14.5 6.90 1.40
A5 2.141 1.97 38.5 2.60 1.21
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2.5.2. Kinetics of the decomposition for potassium pamtanganate/ Alumina (5)
Tables 5» 6» 7 and 8 and graphs 7> 8» 9 and 10 illustrate the effect of
adding Alumina. The induction period has been reduced but the curves are
still accelerator^. The initial decomposition in now fitted, in the region
0.01 - 0.1 by the power law
kt where n « 2
The later stages of the reaction v/ere fitted by the Prout-Toripkins equation,
two values of "k" being required.






Analysis of system (B).
Rate constants for (B).
The initial stage of the 'y - time curves.
i
The initial reaction, a plot ofo^ vs. Time.
Acceleration and decay stages, plot of
log10°V1 -<* Vs. Time.
Axrhenius diagram for initial reaction which
gives an activation energy of E = 38+2 K cals./mole.
26



































Table 6 System B KMnO^/o^ Al(J0^
Jiun 03 B4 B5
Temp. 203.7°C 199.0°C 195.2°C
Time
Min oU io2 4d,2 x 10 P.I. oU: 102 x 10 ckx 10
O 1
ok2 X 10
5 0.47 0.69 0.36 0.60 0.32 0.57
10 1.78 1.33 1.06 1.03 1.07 1.04
15 3.49 1.87 1.97 1.41 1.77 1.33
20 5.63 2.37 2.93 1.71 2.61 1.62
25 8.16 2.86 4.23 2.06 3.58 1.89
30 10.7 3.25 5.61 2.37 4.58 2.14
35 12.9 3.59 6.98 2.64 5.79 2.41
40 19.3 1.33 8.59 2.93 7.04 2.65
45 10.3 3.21 8.43 2.90
50 12.0 3.89 9.75 3.12
55 10.9 3.30






























System B KLInO^/ Al^O^
B6 B7
185.5°C 193.2°C
x 10 2 x 10 x 102 i12 X
0.43 0.65 0.39 0.62
0.91 0.95 0.76 0.87
1.35 1.16 1.14 1.07
1.88 1.37 1.56 1.25
2.52 1.59 1.97 1.40
3.26 1.80 2.42 1.56
3.98 2.00 2.96 1.72
4.84 2.20 3.48 1.86
5.76 2.40 4.04 2.01
6.73 2.59 4.63 2.15
7.69 2.77 5.27 2.30
8.70 2.95 5.90 2.43
9.63 3.10 6.59 2.57
10.6 3.25 7.28 2.70










Table 8 Rate Constanta for System B J InQ,. l.-.O^
Run l/T°A x 103 ki x 1(PIs
9
k x 10
X k2 * 10:
HI 2.063 16.5 10.1 2.22
132 2.080 13.02 7.33 1.70
B3 2.098 10.33 7.33 1.50
04 2.118 6.36 4.98
B5 2.136 5.23 4.48
1)6 2.181 2.05 1.77






2.5.3. Kinetics of the decomposition for potassium permanganate/ manganese
dioxide (C)
Tables 9t 10, 11 and 12 and graphs 11, 12, 13 and 14 illustrate the effect
of adding manganese dioxide. The induction period has been reduced but the
curves still remain accelerator^-. The initial decomposition is best fitted in
the region <=**=> 0.01 - 0,12 by the power law
ktn where n = 2
The later stages of the decomposition were fitted by the ProuWTompkins
equation, two values of "k" being required.
Tables 9. 10 and 11 Analysis of system (C).
Table 12 Kate constants for system (C),
Graph 11 The initial stage of the "oC" - time curves.
Graph 12 The initial reaction, a plot of o\;i vs. Time.
Graph 15 Acceleration and decay stages 1 plot of
1o&jq°V1 vs. Time.
Graph 14 Arrhenius diagram for initial reaction which
gives an activation energy of E a 34+4 K, cals./mol®.
31























































































Table 10 System C Kk&lO./tttlOg
Hun C2 C4 C5
Temp 204.1D°C 193.8°C 191.8°c
Time
Min J, x 102 cK~ X 10 oU 102 &1 dC x 10 oU 102 <?~x 10
5 0.37 0.61 0.56 0.75
10 1.00 1.00 1.07 1.04 0.44 0.66
15 1.74 1.32 1.52 1.23
20 2.55 1.60 1.98 1.41 0.94 "0797
25 3.40 1.84 2.44 1.56
30 4.40 2.10 2.95 1.72 1.48 1.22
35 5.51 2.35 3.55 1.88
40 6.66 2.58 4.12 2.03 2.14 1.46
45 8.24 2.87 481 2.19
50 10.35 3.22 9.48 2.34 2.93 1.71
55 12.6 3.56 6.14 2.48
60 15.5 3.94 6.83 2.61 3.82 1.95
65 18.9 4.34 7.62 2.76
70 22.7 4.77 8.24 2.87 4.83 2.20
75 8.90 2.98

































































































































































Table 12 Hate Constanta for Systesa C IC.inQ, AtnO,-,
Hun
CI









C2 2.096 5.14 4.35
€3 2.112 3.71 3.85 0.94
C4 2.133 3.15 3.30
C5 2.140 2,48 1.97
C6 2.155 2.02 2,40
C7 2.191 1.11























Graph of Log vs. ^ — KMnO^MnC^
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2,5,4. Kinetics for the decomposition for potassium permm :anate/ cupric oxide (c)
Tables 13, 14 and. 15 and graphs 15» 1? and 18 illustrate the effect
of adding cupric oxide. The initial stage of the " - time curves now
tend to show a slight deceleration and are best fitted in the region
ck = 0,02 - 0,09 by the expression log ^j,j kt + c.
The later stages of the decomposition were fitted by the Prout-Tompkins
equation, two values of "k" being required.






Analysis of system (D),
Rate constants for system (D).
The initial 3tage of the "ck" - time curves.
ihe initial reaction, a plot of 1°S|q (1 -°0
vs. Time,
Acceleration and decay stages; plot of
1og^ q oi/1 vs . Time .
Arrhenius diagram for initial reaction, which
give3 an activation energy of E ■ 40+4 K, cals./mole.
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Table 13 System D K nO VCuO
Run D1 D2 D4
Temp. 191.7°G 194.0°C 201.7°C
Time
Min. cA x 'lo2 log (1 -dO <<X 102 log (1 -oO <^x 102 log (1
10 0.82 1.996 0.92 1.996 2.21 T.990
15 3.34 1.905
20 1.52 1.993 1.96 "1.991 4.32 1.981
25 5.40 T.976
30 2.16 T.991 2.88
r / 1.987 6.33 T.972
35 7.23 T.967
40 2.81 T.988 3.71 1.984 8.18 1.963
45 9.05 T.959
50 3.47 T.9Q5 4.63 T.98O 9.90 1.955
55 10.7 "1.951
60 4.09 T. 982 5.43 "1.976 11.6 "1.946
65 12.5 "1.942
70 4.78 1.979 6.30 T.972
80 5.39 1.976 7.43 T.968
90 6.07 1.973 7.87 T.964
100 6.67 1.970 8.61 T.96I
110 7,25 T.967 9.38 1.957
120 10.2 T.954

































Min oU 10^ log (1 -<*) P.T. oU io
2 0.27 1.999
4 0.96 1.996 0.89
6 2.05 1.991 3.84
8 3.01 1.937 6.01
10 3.77 1.983 7.93
12 4.58 1.980 9.72
14 5.43 1.976 11.4
16 6.24 1.972
18 7.11 1.968






60 30.5 1.64 61.1
80 51.4 0.02 82.0
100 74.8 0.4? 92.2
120 88.2 0.88 95.9
140 95.4 1.31 97.8
160 97.9 1.67 98.8
»7
214.9°C















Table 15 Rate Constants for System D KMnO./CuO
Run t—> \Hio > X o **1 -4) x 101 oHXXX k2 X 10
D1 2.152 2.93 0.22
1)2 2.141 3.80 0.44
D3 2.100 11.2 1.51
D4 2.107 8.22 0.77
D5 2.085 30.7 1.67 1.0
D6 2.067 17.6 1.24 2.08






2,5.5. Kinetics for the decomposition potassium permanganate/ferric oxide (E).
Tables 16, 17 and 18 and graphs 19» 20, 21 and 22 illustrate the effect
of adding ferric oxide. The initial stage of the "d" - time curve are
best fitted in the region d= 0.02 • 0.10 by the expression /1 -d." kt + c.
The later stages of the decomposition were fitted by the Prout-Tompkins
equation, two values of "k" being inquired.
Tables 16 and 17 Analysis of system (E).
Table 18 Rate constants for system (E).
Graph 19 The initial stage of the "d" • time curves.
Graph 20 The initial reaction, a plot of log^(1 -d)
vs. Time.
Graph 21 Acceleration and decay stages? plot of
log^Q^/l -d vs. Time,
Graph 22 Arrhenius diagram for initial reaction, which
gives an activation energy of E » 58+5 K, cals./mole.
40




Min ol x 10 log (1 -<k ) P.T. ol x 10* log (1 -<k ) P.T.
5 2.02 T. 991 0.63 1.997
10 6.31 1.972 2.65 1.988
15 11.6 1.947 5.41 1.976
20 16.5 1.922 8.46 1.962
25 20.6 11.5 1.947





























Table 17 System E KMn0^/Feo0„
Uun E3 E4 K5 E6
Temp 195. 4°C 189.9°C 181.6°C 178.4°C
Time
Min oU 102 logU-jO oU 102 log(W) 210* log(l-d)
2
10 log(l-ok)
5 0.33 1.999 0.32 1.999 0.69 1.997 0.39 1.998
10 1.05 1.995 1.34 T.993 1.14 1.995 0.88 1.996
15 1.88 1.992 2.41 1.989 1,66 1.993 1.16 1.995
20 2.75 1.988 3.48 1.985 2.11 1.991 1.42 1.994
25 3.65 1.984 4.76 1.979 2.60 1.989 2.29 1.990
30 4.52 1.980 5.49 1.975 3.15 1.986 2.70 1.988
35 5.29 1.976 6.51 1.971 3.74 1.984 3.15 1.986
40 6.04 1.973 7.47 1.966 4.23 1.981 3.60 1.984
45 6.91 1.969 8.35 1.962 4.88 1.978 3.95 1.982
50 7.63 1.966 9.15 1.950 5.54 1.975 4.36 1.981
55 8.43 1.962 9.98 1.954 6.20 1.972 4.85 1.978
60 9.18 1.958 10.8 1.951 6.89 1.969 5.33 1.976
65 9.99 T.954 11.6 1.947 7.52 1.966
70 11.13 1.949 8.19 1.963 6.51 1.971
75 8.97 1.959
80 9.52 1.957 7.14 1.968
85 10.3 1.953





Table 18 {late Constanta for Systera E I" InO./pe^Q..
jlun l/T° a x 103 kd -A) x 10'' k x 102X k2 x 102
El 2.077 46.0 15.0 1.12
e2 2.106 27.7 8.y6 0.72
E3 2.135 7.55 4.72
E4 2.161 9.18 4.55
E5 2.200 4.38 3.55






2.5.6. Kinetics for the decomposition for potassium permaivvanate/Zino oxide (F)
Tables 19» 20 and 21 and graphs 2J, 24 and 25 illustrate the effect
of adding zinc oxide. The initial stage of the "cA" - time curves are now
linear and tend to break into two sections (1)ol= 0 - 0.05 and (2) d= 0.05 - 0.12.
The later stages of the decomposition were fitted by the Prout-Toapkins equation,
tiro values of "k" being required.
Tables 19 and 20 Analysis of s stem (P).
Table 21 Rate constants for system (P).
Graph 23 Initial stage of the "c^M - time curves.
Graph 24- Acceleration and decay stages; plot of
l°g^0°^ ^ mC^ vs*
Graph 25 Arrhenius diagram for initial reaction, which
gives an activation energy of E = 56+3 K. cals./iaole.
44








































































































































Table 20 System F KMnO^/ZnO
Run F4 F5 P6 F7
Temp 202.4°C 194.0°C 189.8°C 197.6°C
Time
Min 102 102 cKx iu2 cAx 102
5 0.9 0.3 0.4
10 2.49 1.03 0.6 T.07
15 3.77 1.48 1.77
20 5.06 2.02 1.37 2.41
25 6.31 2.51 3.13
30 7.60 2.99 2.12 3.88
35 8.88 3.60 4.68
40 10.2 4.13 2.93 5.53
45 11.4 4.76 6.40
50 5.35 3.92 7.30
55 6.01 8.25
60 6.62 4.98 9.11
65 7.25 10.1
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2.5• 7. Kinetics for the decomposition for potassium permanganate/zinc oxide
HOOP ) (G) and zinc oxide + 1 mole % chroraic oxide (H)
Tables 22, 23 and 24 and graphs 26, 27, 23 and 29 illustrate the effect of
adding zinc oxide (1000°) and zinc oxide + 1 mole fo chromic oxide. The initial
stage of the 11 ck" - tine curves are once again accelerator^ and are best
fitted in the region ot« 0.01 - 0.1 by the power law
ck*= kt11 where n ■= 2
The later stages of the decomposition are fitted by the Prout-Torapkins
equation, two values of "k" being required.






Analysis of systems (G) and (H).
Rate constants for systems (G) and (H),
Initial stage of the "ol" - time curves.
Initial reaction, plot of cA/ vs. Time.
Acceleration and decay stages, plot of
vs. Time.
Arrhenius diagram for initial reaction, which
gives an activation energy of E =» 43+5 K. cals./mole.
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204. 6°C 204 ,6°C
X 10" x 10 P.T. <k * 102 J x 10 P.T.
0.48 0.69 0.60 0.78
1.41 1.19 1.68 1.30
2.55 1.60 2.97 1.72
4.06 2.02 4.50 2.12
5.98 2.44 6.36 2.52
8.04 2.84 8.28 2.88
10.1 3.18 10.2 3.19
12.1 3.43 14.6 1.23
26.3 1.55 24.7 1.52
44.0 1.90 42.6 1.87
63.5 0.24 62.8 0.23
77.3 0.53 76.2 0.51
87.5 0.85 86.0 0.79
94.3 1.22 93.2 1.13


























































































































































Table 23 System (J and il KMnO^/lZnO (1000°) and KMnO,/ZnO + Cr^O.^
Jinn H3 G3 114 G4






cC x 10 pU 102 df* * io a* io2
JL
a2 *
5 0.14 0.37 0.20 0.45
10 0.48 0.69 0.45 0.67 0.22 0.47 0.42 0.64
15 0.82 0.91 0.69 0.83
20 1.28 1.13 0.99 0.99 0.51 0.71 0.55 0.74
25 1.86 1.37 1.30 1.13
30 2.52 1.59 1.70 1.30 0.83 0.91 0.84 0.92
35 3.28 1.81 2.15 1.47
40 4.20 2.05 2.72 1.65 1.34 1.16 1.40 1.19
45 5.22 2.28 3.36 1.83
50 6.26 2.50 4,05 2.01 1.97 1.40 2.34 1.53
55 7.36 2.71 4.77 2.18
60 8.44 2.91 5.35 2.36 2.74 1.66 3.63 1.90
63 9.50 3.08 6.40 2.53
70 10.6 3.25 7.25 2.69 3.57 1.89 5.21 2.28
75 8.10 2.85
SO 8.98 3.00 4.54 2.13 6.91 2.63
05 9.85 3.14
90 5.61 2.37 8.57 2.93




Bate Constants for System G and H ?c,in0^/Zn0 (1000°) and KknO^/anQ + Ciy.0„
Run l/T° A x 103 ki x 10"
*2
k x 10*
x kj x 10* k2 x 10*
hi 2.076 11.4
g1 2.076 8.07
h2 2.094 8.56 6.05
g2 2.094 7.86 6.58
u3 2.123 4.46 3.10
g3 2.122 3.53 2.36
ilk 2.142 2.42 1.61
g4 2.141 3.58 1.79
h5 2.159 2.66 1.30
g5 2.160 2.38 1.22
h6 2.170 1.86 1.19
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2.5•8• Kinetics for the decomposition for potassiu: permanganate/nickel oxide (l)
Tables 25, 26 and 27 and graphs 30, 31, 52 and 33 illustrate the effect of
adding nickel oxide. The reaction now commences at maximum rate and the
traces are deceleratory throughout, they are best fitted in the region
oi » 0 - C.09 by the "contracting sphere" expression
1 - | c - k (t - tQ)l ^
The later stages of the decomposition are fitted "by the Prout-Tompkins
equation, two values of "k" being required.






Analysis of system (l).
Rate constants for system (I).
Initial stage of the "d*." - tiiae curves.
. x
Initial reaction, plot of (1 -els)0 vs. Time.
Acceleration and decay stages; plot of
log1 ot/1 -ck vs. Time.
Arrhenius diagram, for initial reaction, which
gives an activation of E = 35+5 cala./mole.
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Table 25 System I KMnO^/NiO
Ron 11 12 13
Temp 203.8°C 198.8°C 167 • 3°C
Time 0 JL O 1 n
Min ok x 10 (1 3 ok* 10" (1 -^) ■' ok * 10" (1 -ck)
2 0.37 0.999 1.52 0.995
4 3.22 0.989 4.56 0.985
5 0.80 0.997
6 6.31 0.979 6.38 0.978
8 7.67 0.974 7.65 0.974
10 8.79 0.970 8.51 0.971 2.03 0.993
12 9.72 0.967 9.23 0.968
14 10.3 9.81 0.966
15 2.83 0.990












Table 26 System I KMnO^/NiO
17 16 15Run 14
Temp 211.0°C
Time











































180.9°C 218.4 °C 213. 3°C
10 IH♦w
CM
c^x 10 P.T. cA* 10 P.T.
3.27 0.989 1.56 1.27
2.1 1.43
6.05 0.980 2.56 1.54
2.57 1.54
7.75 0.973 3.21 1.67
3.14 1.66
8.96 0.969 3.66 1.76
3.58 1.75
10.1 0.965 4.10 1.84
3.91 1.81


























Table 27 Rate Constanta for Svatea 1 iCInO^/NiQ
Run l/T° A x 103 ^ ^ x 103 x 10 x 10^
11 2.097 4.8 2.60
12 2.120 2.7 3.75
13 2.271 0.21 0.61
14 2.066 7.36 3.75
15 2.056 4.5 1.4







2.5.9. Kinetics for the decomposition for potassium porrnanganate/nickel oxide(lOOd°T (j) and nickel oxide + 1 mole jo lithium oxide (K).
Tables 23, 29j 30 and 51 and graphs 54» 35» 36 and 57 illustrate the effect
of adding nickel oxide (1000°) and nickel oxide + 1 mole fo lithium oxide. The
main features in this case are that the traces show an initial sigmoid section
to cka 0,02 followed by a smooth acceleration. They are best fitted in the
region 0.02 - 0.1 by the exponential law
A exp (kt)
The later stages of the decomposition are fitted by the Prout-Tompkins
equation, two values of "k" being required.






Analysis of system (J) and (K).
Ratecconstants for systems (J) and (k).
Initial stage of the "ok" <* time curves.
Initial reaction, plot of log^cA vs. Time.
Acceleration end decay stages; plot of
l°s10 vs. Time.
Arrhenius diagram for initial reaction, which
gives an activation energy of E ■ 59+3 K. cals./mole.
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Table 28 Systems J and K iain0./Ni0 {1000*
Run J1 El




<=tx 10 log civ oU 102 log civ
5 0.57 3.76 0.13 3.10
10 1.03 2.01 0.24 3.38
15 1.16 2.06 0.29 3.46
20 1.28 2.11 0.32 3.50
25 1.44 2.16 0.45 3.65
30 1.57 2.20 0.54 3.73
35 1.68 2.22 0.62 3.79
40 1.76 2.25 0.76 3.88
45 1.90 2.28
50 2.0 2.30 1.05 2,02
55
60 2.19 2.34 1.26 2.10
70 2.48 2.40 1.57 2.20
80 2.90 2.46 1.91 2.28
90 3.37 2.53 2.35 2.37
100 3.96 2.00 2.83 2.45
110 4.66 2.67 3.47 2.54
120 5.42 2.73 4.10 2.61
130 6.38 2.80 4.90 2.69
140 7.47 2.87 5.74 2.76
150 8.64 2.94 6.79 2.83
160 9.94 2.99 7.90 2,90





ol x 10" logck cLx 1G2 log
0.40 3.60 0.58 3.77
0.83 3.92 1.23 2.09
0.88 3.95 1.59 2.20
0.90 3.95 2.02 2.30
1.02 2.01 2.47 2.39
1.20 2.08 3.15 2.50
1.60 2.20 4.16 2.62
2.19 2.34 5.48 2.74
3.04 2.48 7.24 2.86
4.22 2.63 9.24 2.97
6.20 2.79 11.4 2.05
8.84 2.95
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Mia ck x }0" log* P.T. * x 102 log * P.T.
5 0.41 3.61 0.56 3.75
10 0.79 3.89 0.73 3.36
15 0.95 3.98 0.87 3.94
20 1.16 2.06 1.26 2.10
25 1.72 2.24 2.20 2.34
30 2.82 2.45 3.96 2.60
35 6.02 2.78 6.81 2.83
40 15.2 1.18 10.9 1.04
50 38.9 1.80 27.7 1.58
60 56.3 0.11 43.4 1.88
70 70.2 0.37 55.5 0.09
80 80.9 0.63 65.5 0.28
90 89.5 0.93 75.6 0.49
100 95.6 1.34 84.4 0.73
110 98.8 1.90 92.5 1.09
120 97.5 1.59
130 99.2




9Mill, x 10 log P.T. x 10 log
5 0.27 5.42 0.34 5.55
10 0,32 5.51 0.37 5.57
15 0,32 0.37
20 0.32 0.48 5.68
25 0.32 O.63 3.80
50 0.44 5.65 0.94 5.97
55 O.65 3.30 1.72 2.23
40 1.09 2.04 5.23 2.51
45 2.21 2.34 5.69 2.76
50 4.58 2.64 8.74 2.94












Table 51 Rate Constants for Systems J and K KXfaO^/RiQ (1000°)
and iS-InO^/HiO + Li„0
Run 1/T°A x 105 "log X 1°2 k x 102X k2 X
J1 2.148 0.71 1.16
K1 2.148 0.84 0.97
J2 2.084 2.72 2.75
K2 2.084 2.40 3.43
J3 2.059 4.20 3.22 2.07
KJ 2.059 6.45 3.59 1.65
J4 2.077 5.62 2.11 1.80
K4 2.077 5.16 2.54
J5 2.044 5.60 1.41
K5 2.044 6.05 1.54






2.5.10. Kinetics for the decomposition for potassium permanganate/10 - 80,^
nickel oxide (h)
Tables 52, 35, 34, 35 and 36 and graphs 3a> 59» 40, 41 and 42 illustrate
the effect of adding various proportions of nickel oxide. The decomposition
commences at maximum rate and the traces are deceleratory throughout. They
are best fitted in the region oL» 0 - 0.1 by the contracting sphere expression
- 1 -Jo * k (t - tQ)J 5
The later stages of the reaction are fitted by the 1 -rout-Tompkins
equation, two values of "kM being required.






Analysis of system (L).
Rate constants for systera (L),
Initial stage of the "ok" - time curves.
Initial reaction, plot of (1 »ck)a vs. Time.
Acceleration and decay stages; plot of
log^Q oi/1 »ck vs. Time.
Plot of initial reaction rates vs. fi> nickel
oxide.
Plot of Prout•Tompkins reaction rates vs. fo
nickel oxide.




Min ckx 10" (1 -A) i P.T.
5 0.69 0.998 3.84
10 1.14 0.996
15 1.45 0.995 2.17
20 1.81 0.994
25 2,10 0.993 2.33
30 2.40 0.992
35 2.71 0.991 2.45
40 3.07 0.990 2.50
45 3.36 0.989




70 5.06 0.983 2.73
75 5.37 0.982






















































































Min <k X 10^ (1 -A) 3 P.T.
2 0.23
4 3.23 0.989 2.53
6 4.88 0.984
8 5.76 0.980 2.78
10 6.39 0.978
12 7.02 0.976 2.88
14 7.51 0.974
16 7.98 0.973 2.94
13 8.45 0.971
20 3.90 0.969 2.990
22 9.27 0.968



































































































































































































































































































Tablo jG Itate Constants for System L KMnQ^/( 10-60^) NiO
lam / NiO l/T° A x 103 k(l )3 x 10"' k s 10X kj x 103 k9 x 103
LI 10 2.169 0.2 0.2b 2.7 2.75
L2 20 2.169 0.35 0.60 2,6 2.44
L3 30 2.169 0.91 2.58 £.12 1.79
IA 40 2.169 1.0 1.37 1.82 1.82
L5 30 2.169 4.2 2.73 2.1 1.4b
60 2.169 10.0 3.57 3.04 1.23
L7 70 2.169 28.3 6.0 3.33 0.82







Graph of (l-«0 vs. Time
9-5
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2.5.11. .vinotics for the decomposition for powder samples
Table 57 and graph 43 illustrate the results obtained, from a series
of runs at a fixed temperature, using uncompressed powder moxturos of
potassium permanganate and oxide. The main features are that all the
systems with the exception of potassium permanganate/nickel oxide show
catalysis and the enhanced activity of potassium permanganate/ferric
oxide system relative to the others.
Table 37 Analysis of powder runs.
Graph 45 Initial stage of the time curves.
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Table 57 Analysis of Hums using powdered samples
Ibm KMb04 KMnO^/NiO KMaO^/Fe.,0 KMnO^/ AlgO, EMttO^/CttO KMnO^/ZnO
Time dx 102 <Ax 102 102 ^xlO2 <Asl02 c^x 102
2 1.70
4 4.72
5 0.8 1.0 0.6
6 7.23
8 8.86
10 10.2 1.64 1.79 1.31
12 11.3
14 12.3
15 2.29 2.40 1.88
20 1.41 1.40 3.00 2.96 2.49
25 3.70 3.62 3.11
30 4.50 4.26 3.74
35 3.35 4.91 4.33
40 2.66 2.72 6.16 5.58 3.08
45 7.04 6.19 5.79
50 7.91 6.90 6.49
55 8.68 7.54 7.16
60 3.28 3.30 9.42 8.15 7.81
65 10.2 8.77
70 10.8 9.40 9.31
75 11.5
80 4.69 4.80 10.5










Graph of << vs. Time —Powder Run^.
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2,5»12, Kinetics for the system potassium perrauganate/3ilioa ■» alumina
The effect of a si1 ica-alumina cracking catalyst, containing 13$
alunina, on the decomposition of potassium permanganate was studied as in
section 2, the catalyst in this case was first heated for four hours at
o
300 C. The preparation of the sample was carried out, however, as far as
possible, in a "dry box" over pellet was stored in this box.
Graph 43A illustrates a typical example of the results obtained;
the initial fast oxygen evolution was finished within approximately one
minute of the sample reaching the furnace temperature and corresponded to
approximately 3$ decomposition. Thereafter the behaviour was similar to
that for pure permanganate, in graph 43^af the scales have been expanded to
show more clearly the initial decomposition. This initial decomposition may
therefore be associated with the Lewis and Bronsted sites present in silica/
alumina catalysts. If this is the case such sites must be gradually neutralised
or destroyed at room temperature since storage of the penaanganate/silica-alumina
pellet, for three days in the dry box, eliminated this fast initial decomposition.
There are two possible mechanisms by which Lewis and Bronsted sites
could affect the initial decomposition of permanganate. The first concerns
the Lewis sites which could be regarded as a sink or trap for the electrons
removed from the permanganate ion, assuming the decomposition occurs by the
mechanism proposed by Smimova, The Bronsted sites, on the other hand, could
facilitate the decomposition by an entirely different mechanism; but one similar
to that proposed for the decomposition of the perchloratest here the Bronsted
site would act as a proton donor thus forming the intermediate ffivinO^ which then
decomposes presumably at a faster rate.
No. 43A
Graph of c< vs. Time — KMnO/SiO — ALO4/223
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3. Electrical Conductivity Measurements
This section is primarily concerned with measuring the change in
electrical conductivity of ,he various systems during the decomposition of
the potassium permanganate. It was hoped that these results, in conjunction
with the studies using doped nickel and zinc oxide, would allow some insight
into the mechanism of the decomposition,
3,1 Apparatus
The apparatus used was basically the same as in section 2,1, The
winch, at the top of the reaction vessel was replaced by a B24 cone through
which were sealed two tungsten leads. These leads were used to connect the
conductivity cell to the electrical circuit shown in fig, 3A. The voltage
drop across the precision resistors was measured on an E,I,L. Vibron
13 7
Electrometer model 33^, This circuit measured resistances from 10 "-A. to 10
When the resistance dropped below the last figure it was measured directly
on a Model Q Avometer. The conductivity cell is shown in fig, 3^, the
overall size being kept to a minimum, to reduce the heat capacity. It consists
essentially of a screwing device, made of brass, which ensures a good contact
between the electrodes and the "pellet sample" surface. The lower electrode
consisted of a piece of platinum foil insulated from the cell by means of
a thin plate of vitreous silica. The upper electrode was basically a "pyrex
glass plunger" the stem of which was plated with platinum and which could just
slip into the quartz sleeve S, The sample sat inside this sleeve on the
platinum electrode and by tightening the screw the plunger was firmly pressed
down on to the sample surface thus completing the circuit. The locking nut
was then adjusted to maintain this position.
Fig. 3 a
Electrical Circuit




i 8 10 Electrometer













As has already been stated it is necessary in conductivity
measurements to use pellet samples, as this ensures that the spurious
49
electrical effects due to poor contact between the individual particles
are minimised. Hie pellets were made in exactly the same manner as
described in section 2.5«
Small pieces of such pellets, approx. 20 ag», were loaded into the
conductivity cell and the electrodes assembled. The cell was then lowered
to the foot of the reaction vessel and the whole system evacuated overnight.
The heating procedure adopted was designed to enable a study of
the temperature dependence of the conductivity to be made and also to minimise
the effect of the "heating up" period of the cell. The furnace temperature
was therefore gradually raised from xx>om temperature to the working temperature
at which it was stabilised. While this was being carried out the resistance
of the sample was measured at 10°C intervals.
Graph 44 shows a typical example of the results obtained for all the
systems studied, with the exception of KMnO^/liO which will be dealt with in
the appropriate sub-section. The plot breaks into two sections, the break
Q 0
occurring at approx. I50 C. The section 20 - I50 C gives an activation
energy of 20+5 K, cals./mole Yrtiich is much higher than would be expected if it
was surface conduction. It would therefore appear to be ionic conductance
although the energy value is slightly less than that normally associated with
ionic conductance e.g. 50 k, cals as suggested by Jacobs and Tompkins for solid
50 51
azides and the alkali metal halides but is similar to the figure reported
52
by Simpson for ammonium dichromate using a similar apparatus.
It was not possible to obtain an activation energy for the second
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section due to the scatter of results, even onanist the one system, which may
infer that in this temperature region initial decomposition occurs and
therefore the resistance measurements become to some extent time dependent.
On reaching the working temperature the resistance measurements
were taken at fixed time intervals. Throughout the whole of the heating
procedure to evolved oxygen pressure was continuously monitored using
the Pirani gauge as in section 2,5. Thus a correlation between electrical
resistance and fraction decomposed "d." was obtained.
In this section every run. was studied to completion and "
calculated from the final pressure.
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3•3 Analysis of the Resistance Measurements
Such a procedure as outlined in section 5.2 cannot he used to
determine specific conductivities, it can however be used to obtain a measure
of the relative rate of change of conduction, since this is independent of
the size of the sample and of the area of contact.
An exponential relationship was found to hold between the resistance
and time. The exact range over which this was valid depended on the
"system" being used. The slope of the graph log^R vs Time therefore
provided a convenient measure for the rate of change of conduction. By
carrying out this procedure, therefore, over a temperature range, it was
possible to obtain a value for the activation energy required for the
production of the "charge carriers".
This procedure was carried out with the following systems
A* pure KLMO^ H* KMnO ,/ZnO + 1'mole fo Cr2°j
B* KMri0y<*Al205 I* KMOJUU
E* KMhCy^e^ J* KMnCy'KiO (1000°)
F* KMnOyZnO K* KMnO^/NiO + 1 mole % LigO
G* KMnO^/ZnO (1000°)
The following tables and (graphs show the majority of the runs performed,
at various temperatures in the range 177 - 212°C. The tables give the
respective functions of "c<" as required for the analysis U3ed and the graphs
show the plots of the different functions.
In addition to the abbreviations already listed the following have also
been used - k = rate constant derived from the slope of the plot
c
log10R vs Time) log R » log^Q of the resistance.
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3 • 3 • 1 • Resistance measurements for pure Potassium Per an, ;anate (A*)
Tables 39, 40, 4*1 and. 42 and graphs 45, 46, 47 and 48 illustrate the change
in resistance during the decomposition and also the fit of the Prout-Torapkins
equation over the later stages of the reaction.
The most notable feature in the resistance measurements is that the
exponential decrease holds to approx. « 0,5 after which they exhibit a
minimum before rising slightly again, but there is little change after
<3^ = 0,6,
lie Prout-Tompkins equation holds over the region cA. - 0,1 - 0,9, two
values of k being required, one for the acceleratory stage, 0^= 0,1 - 0,5,
the other for the decay stage, d, « 0,5 * 0.9«





Analysis of system A*,
Rate constants for system A*,
Plot of 1o&|qR vs. Time,
Plot of iogj0 TTST vs*
Arrhenius plot for "rate of change of
conduction" which gives an activation
energy of E m 27+2 K. cals./mole.
C1
and E ■ 38+2 K, cals./mole.
Graph 48 Arrhonius plot for acceleratory and decay
stages which gives an activation energy of
» 26+2 K, cals./mole.
and E0 «= 23+2 K, cals./mole.
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able 59 System A* pure KMnO^
Run A*4 A* 5 A*2
Temp. 209.3°C 204.6°C 202.1'
Time
Min, ck x 10 P.T. log R ok x 10 P.T. log R log R
5 6.60 6.25 5.94
10 0.10 2.01 6.59 6.34 5.38
15 6.58 6.40 5.81
20 0.22 2.54 6.40 0.11 2.05 6.50 5.74
25 6.14 6.25 5.67




















80 7.59 0.49 2.50 5.11 4.79
85 4.70




100 8.89 0.90 4,81 4.72 4.71 4.43
110 9.37 1.17 4.85 5.74 0.15 4.56 4.35
120 9.67 1.47 5.09 6.79 0.53 4.42 4.25
150 9.86 1.86 5.08 7.58 0.50 4.30
140 9.91 2.05 5.04 8.21 0.66 4.20
150 8.67 0.81 4.15








Table 40 System A* pure KLiriO.
Run A* 9 A*8 A*1
Temp. 213.1°C 192.6°C 200.1'
Time
Min. d x 10 P.T. log R ck x '10 P.T. log R log R
5 5.85 6.52 5.4610 0.36 2.57 5.69 6.48 5.4015 5.54 5.3220 0.75 2.91 5.26 5.2625
1.33
4.98 5.18
50 1.76 4.74 6.40 5.11
32.5 4.66
35 4.58 6.45 5.0437.5 4.49
40 4.10 1.84 4.38 6.42 4.9642.5 4.30
45 4.16 6.46 4.8847.5 4.08
50 6.06 0.19 3.99 6.43 4.81
52.5 3.93
55 3.09 4.7057.5 3.85
60 7.29 0.43 3.02 6.40 4.6062.5 3.80
65 3.78 4.4967.5 3.77
70 0.35 0.70 3.77 6.38 4.40
72.5 3.77
75 3.78 4.3080 9.19 1.05 3.80 0.17 2.25 6.32 4.18
90 9.68 1.48 3.81 6.24 4.23100 9.90 3.80 0.20 2.31 6.18 3.89110 3.79 6.09 3.76120 3.76 0.28 2.46 6.00 3.65140 3.72 0.35 2.56 5.81 3.54160 0.56 2.77 5.53 3.54180 0.86 2.97 5.31 3.60200 1.36 1.20 5.11 3.65220 2.05 1.41 4.92
240 2.92 1.61 4.77260 3.92 1.81 4.63
280 4.96 1.99 4.52
500 5.92 0.16 4.43
520 6,06 0.34
340 7.39 0.45
560 7.98 0.60 4.25
380 8.38 0.71 4.25
400 8.70 0.83 4.30
420 9.00 0.95 4.32
440 9.26 1.10 4.34460 9.49 1.27 4.38
Table 41 System A* pure KMnO^
Run A*3 A*7 A*10 A*6
Temp. 185.6°C 189.9°C 199.6°G 203.2'
Time
Min. c\ X '10 F.T. log R log R ol ac 10 P.T. log R P.T.
5 5.93 8.0310 5.90 7.00 2.0415 5.88
20 5.86 0.01 6.57 2.2725 5.Q4 6.5430 5.82 7.84 6.46 2.3835 5.81 7.80 6.4240 5.79 7.78 0.06 6.36 2.5545 5.77 7.75 6.3250 5.75 7.72 6.24 2.6655 5.72 7.70 6.1860 5.70 7.66 0.16 2.21 6.26 2.8065 5.68
1.02
70 5.66 7.62 6.0080 7.58 0.32 2.52 5.30 1.3190 7.54 5.49 1.66100 5.56 7.53 0.86 2.97 5.36 1.91110 7.50
1.44
5.05 0.15120 0.14 2.16 5.47 7.48 2.17 4.83 O.29130 5.43 3.22 1.68 4.65 0.42140 0.18 2.27 5.40 4.22 1.86 $.53 0.55150 5.35 5.22 0.04 4.43 0.68160 0.24 2.39 5.94 0.17 4.35 0.31170 5.25 6.52 0.27 4.30 0.96180 0.2? 2.44 5.19 7.06 0.38 4.28 1.12190 5.14 4.28 1.39200 0.34 2.54 5.01 7.86 0.56 4.23220 0,43 2.66 4.92 8.55 0.77 4.30240 0.55 1.77 4.83 9.13 1.02 4.34260 0.74 £.92 4.97 9.57 1.34 4.4028r 1.08 1.08 4.91
300 1.50 1.24 4.79
340 2.95 1.62 4.57
380 4.02 1.97
420 6.39 0.25 4.11
460 7.39 0.45 4.11
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3o*2, Resistance oaaurouenta for Potassium Pe:man»:anatGy^-Alumna (B*)
Tables 43, 44 and 45 and graphs 49» 50, 5^ and 52 illustrate, for the s.stsm
potassium permanganate/^.-Alumina, the change in resistance during the decomposition
and also the fit of the Prout-Tompkins equation over the later stages of the
reaction.
In thi3 system the resistance measurements again show an exponential decrease
over the range m 0 - 0.2, after which they continue to decrease,again there
is little change after ® 0,6.
The Prout-Torapkins equation holds over the regionc\« 0.2 - 0.9 two values
of k being required, one for the accelerator^ staged ® 0.2 • 0.5, the other for
the decay staged ® 0.5 - 0.9.
Analysis of system 3*.
Kate constants for system B*.
Plot of log^R vs. Time.
Plot of log^0 vs. Time,
Arrhenius plot for "rat© of change of conduction"
which gives an activation energy of
ECj « 52+5 k« cals./mole,
Arrheniua plot for acceleratory and decay stages
which gives an activation energy of
E-j » 43+2 K, cals./raole,






Table 45 System B* K.inOyU- Al^O.,
Run B*1 B*3 3*4
Temp, 209.3°C 199.2°C 204.6°C
Time
Mill, ol X 10 P.T. log R oU 10 P.T. log R P.T. log R
5 0.12 2.08 6.48 6.40 1.59 6.16
10 0.22 2.36 6.32 0.16 2.22 6.32 2.73 5.96
15 0.34 2.55 6.15 6.24 2.90 5.81
20 0.49 2.71 5.95 0.20 2.32 6.15 1.00 5.66
25 0.66 2.85 5.76 6.08 7.12 5.53
50 0.92 1.01 5.57 0.33 2.53 5.98 7.22 5.39
35 1.28 1.17 5.39 5.90 5.26
40 1.74 1.32 5.22 0.41 2.63 5.33 7.39 5.17
45 2.50 1.52 5.07 5.74 1.47 5.0750 3.55 1.74 4.93 0.59 2.80 5.65 1.54 4.9855 4.63 1.93 4.85 5.56 1.62 4.9060 5.51 0.09 4.79 0.78 2.94 5.40 1.70 4.8265 6.20 0.21 4.77
T.04
5.41 1.77 4.76
70 6.84 0.33 4.76 0.98 5.32 1.87 4.8575 7.38 0.45 4.76 5.25 1.96 4»Q480 7.88 0.57 4.76 1.23 1.15 5.18 0.06 4.5985 8.29 0.69 4.76
1.56
5.11 0.15 4.56
90 8.68 0.82 T.27 5.04 O.23 4.5395 8.97 0.94 4.77
7.41
0.29 4.52100 9.24 1.08 2.03 4.92 0.35 4.52105 9.47 1.25 4.77
2.69 7.56
0.43 4.52110 9.63 1.42 4.81 0.48 4.53115 9.76 4.75
3.65
0.55 4.54120 9.87 7.76 4.73 0.62 4.54125 9.96 4.72 4.69 0.68
130 9.99 4.61 7.93 4.65 0.74 4.56135 4.70 4.64 0.83140 4.69 5.37 0.06 4.64 0.89 4.58150 6.05 0.18 4.61 1.07 4.59160 6.58 0.28 4.61 1.27 4.60170 7.15 0.40 4.64 1.55 4.60180 7.68 0.51 4.65 1.89 4.59190 7.99 0.60 4.67 4.58
200 8.40 0.72 4.69
210 8.77 0.85 4.70
220 9.02 0.96 4.71
230 9.26 1.10 4.71
240 9.47 1.25 4.72
250 9.65 1.44 4.71
260 9.84 1.78 4.71
270 9.98 4.70
81




Mln. ct x 10 P.T. log R cK x 10 P.T. log R
5 6.61 6.42
10 0.11 2.06 6.57 0.19 2.30 6.34
20 0.17 6.45 0.32 6.01
30 0.24 2.39 6.35 0.49 2.71 6.04
40 0.34 6.25 O.65 5.91
50 0,44 2.67 6.15 0.87 2.98 5.79
60 0.56 6.06 1.12
T.18
5.65










110 1.28 5.64 2.54 5.36
120 1.47 5.50 2.91 5.28




150 2.02 5.38 4.69 1.95 5.07
160 2,21 5.33 5.36 5.01
170 2.41 T.50 5.27 5.97 0.17 4.98
180 2,63 5.22 6.44 4.95
190 2.86 1.60 5.18 6.88 0.34 4.93
200 3.09 5.12 7.26 4.92
210 3.36 T.71 5.08 7.61 0.50 4.91
220 3.64 5.04 7.93 4.90
230 3.94 "l „81 5.00 8.25 0.67 4.89
240 4.22 4.95 3.46 0.74 4.88
260 4.93 i*.99 4.69 6.95 0.93 4.87
280 5.67 4.44 9.29 1.11 4.86
300 6.27 0.23 4.79 9.60 1.38
320 6.78 9.85
















































3»5»5« Resistance : .easamoaents for potassium Peraanganate/Ferric Oxide (B*)
Tables 46, 47, 48 and 49 and graphs 53» 54» 55 and 58 illustrate, for the
system potassium perr.ianganate/ferric oxide, the change in resistance during the
decomposition and also the fit of the Prout-Tompnins equation over the later
stages of the reaction.
In this system the resistance measurements again shov/ an exponential decrease
over the ranged » 0 - 0.5, after which there is a continued decrease until
d =» 0.6 after which there is little change.
The ProuWIompkins equation holds over the region dk » 0.1 - 0.9» two values
of ic being required, one for the acceleratory stage c< « 0.1 - 0.5, the other for
the decay stage, c\ *■ 0.5 - 0.9»
Tables 46. 47 and 48 Analysis of system 3*.
Table 49 Rate constants for system £*,
Graph 53 Plot of log^R vs. Time.
Graph 54 Plot of IoSjq vs. Time.
Graph. 55 Arrhenius plot for "rate of change of conduction"
which gives an activation energy of
S ■ 40 K. cols./mole.
C2
Graph 56 Arrhenius plot for acceleratory and decay
stages which gives an activation energy of
E_ » 20+2 K« cals./taole.
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Tabio 46 System E* KMnO^ /
Run E*1 3*2
Temp. 209.1 c 205.0°C
Time
Min. ok x 10 P.T. l0£ R S\ x 10 P.T. log K
5 2.65 !• 56 6.15 6.36
10 3.08 1.65 5.96 0.12 2.06 6.26
15 3.41 1.71 5.81 6.20
20 3.79 1.79 5.68 0.13 2.12 6.15
25 4.05 1.83 5.56 6.11
50 4.34 1.88 5.45 0.13 2.12 6.07
35 4.72 1.95 5.35 6,01
40 5.00 0.00 5.26 0.15 2.17 5.97
45 5.38 0.06 5.20 5.93
50 5.69 0.12 5.14 0.21 2.34 5.89
55 6.16 0.21 5.08 5.85
60 6.40 0.25 5.06 0.34 2.55 5.81
65 6.68 0.50 5.01
70 7.06 0.38 4.99 0.49 2.71 5.72
75 7.37 0.45 4.97
00 7.65 0.51 4.95 O.67 2.86 5.64
85 8.03 0.61 4.93
90 8.2*9 O.69 4.91 0.92 T.00 5.56
95 8.60 0.79 4.90
T.11100 8.96 0.93 4.08 1.15 5.48
105 9.22 1.07
110 9.43 1.22 4.85 1.48 T.24 5.42
115 9.67 1.47
1.35120 9.76 1.24 4.81 1.84 5.36
125 9.93 1.99
1.47150 4.77 2.30 5.32
140 2.82 1.59 5.46
150 3.43 1.72 5.42
160 3.97 1.82 5.38
170 4.57 1.93 5.33
180 5.08 0.01 5.28
190 5.59 0.10 5.25
200 6.08 0.19 5.22
210 6.56 0.28 5.20
220 7.02 0.37 5.19
230 7.41 O.46 5.18
240 7.84 0.56 5.17
250 8.21 0.66 5.17
260 8.57 0.78 5.17
270 8.89 0.90 5.17








Min. dx 10 P.T. log R d x 10 P.T. log R
5 1.44 T.22 6.65
7.21
6.54
10 1.79 1.34 6.56 1.39 6.46
15 2.07 1.42 6,48
1.36
6.48
20 2.36 1-49 6.40 1.88 6.40
25 2.69 1.57 6.32
7.4730 3.00 1.63 6.29 2.29 6.28
35 3.32 1.70 6.23
7.5540 3.62 1.75 6.15 2.60 6,16
45 3.95 1.81 6.05
50 4.23 1.87 5.88 2.89 7.61 6.08
55 4.51 1.92 5.70
7,6560 4.79 1.96 5.64 3.11 5.98
65 5.06 0.01 5.57
7.7170 5.30 0.05 5.51 3.39 5.92
75 5.59 0.10 5.40
7.7780 5.85 0.15 5.43 3.69 5.85
85 6.12 0.20 5.40
7.8290 6.46 0.26 5.37 4.00 5.73
95 6.62 0.29
100 6.86 0.34 5.32 4.31 7.88 5.72
105 7.10 0.39
7.93110 7.35 0.44 5.30 4.62 5.66
115 7.58 0.50
120 7.83 0.56 5.26 4.91 7.98 5.60
125 8.02 0.61
130 8.24 0.67 5.20 0.03 5.50
135 8.43 0.73
140 8.65 0.81 5.20 5.42 0.07 5.53
145 8.34 0.08
150 9.04 0.97 5.13 5.69 0.12 5.48
160 9*35 1.16 5.11 5.97 0.17 5.45
170 9.66 1.46 6.18 0.21 5.42
180 9.85 1.30 6.45 0.26 5.40
190 5.36
200 6.88 0.34 5.34
220 7.25 0.42 5.31
240 7.68 0.52 5.28
260 7.99 0.60 5.25
280 8.31 O.69 5.23
300 8.62 0.79 5.20
320 8.92 0.92 5.18
340 9.23 1.00 5.16
360 9.51 1.29 5.14
380 9.69 1.50 5.11
400 9.86 1,36 5.08
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Table 48 System E* KLlnOy'PegO^
Run E*5 E*b
Temp. 186. 9°C 185.6°C
Time Time
Min. cJv x 10 P.T. Min. <k x 10 P.T. log R
20 1.15 1.11 5 6.9440 1.61 1.28 10 6.8960 2.05 1.41 15 6.0380 2.40 1.50 20 0.14 *2". 15 6.79100 2.74 1.58 30 6.65120 3.08 1.65 40 0.23 2.37 6,60140 3.42 1-72 50 6.56160 3,84 1.79 50 0.35 2.57 6.43180 4.19 1,86 70 6.42200 4.52 T.92 80 O.46 2.68 6.38220 4.84 1.97 90 6,32240 5.16 0.03 100 0.63 2.83 6.26260 5.45 0.08 110 6.22280 5.68 0.12 120 0.87 2.98 6.18
500 5.97 0.17
320 6.16 0.21 140 1.13 T.10 6.09340 6.45 0.25 1S0 6.05360 6.69 0.31 160 1.41 T.21 6.00380 6.94 0.35 170
i".32
5.97400 7.13 0.39 180 1.73 5.93420 7.40 0.45 190 5.91440 7.58 0.50 200 2.04 1.41 5.88460 7.82 0.56 210 5.85480 3.05 0.62 220 2.39 T.50 5.82500 0.23 0.67 230 5.80520 8.42 0.73 240 2.70 1.57 5.77540 8.65 0.81 250 5.74560 8.82 0.87 260 3.06 T.65 5.69580 9.02 0.96 270 5.66600 9.19 1.0b 280 3.42 T.72 5.64620 9.35 1.16 290 5.62640 9.52 1.29 300 3.77 1.78 5.59660 9.66 1.45














'i'able49RatConstantsf rSy em*K.inO^/Ee^O-, EM2.074 E*22.092 E*32.100 E*42.138 E*52.174 E*62.1800.1-0.51.5 0.01-0.11.55











































3»3»4* Resistance ..easurenents for Potassium Permanganate/Zinc Oxide (F*)
Tables 50, 51, 52 and 53 and graphs 57, 58, 59 and 50 illustrate, for the
system potassium permanganate/zinc oxide, the change in resistance during the
decomposition and also the fit of the Prout-Tompkins equation over the later
stages of the reaction.
In this system the resistance raeasurements again show an exponential decrease
over the range ck • 0 - 0.6, after which there is little change in resistance.
The Prout-Tompkins equation holds over the region ck » 0.15 - 0.9, two
values of k being required, one for the acceleratory stage, ck*» 0.15 - 0.5, the
other for the decay stage, ok = 0.5 - 0.9*





Analysis of system F*.
Rate constants for system F*.
Plot of logj^R vs. Time.
Plot of log^Q ^'j^vs. Time.
Arrhenius plot for "rate of conduction"
which gives an activation energy of
E 40+3 K. cals./mole.
Graph 60 Arrhenius plot for acceleratory and decay
stages which gives an activation energy of
E.j • 30+2 K. cals./mole.
and = 33+2 K. cals./mole.
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Min. 10 P.T. log R dx 10 P.T. log R
5 0.72 2.89 6.31 6.8910 1.15 1.11 6.16 0.18 2.27 6.8115 1.61 1.28 5.95 6.5920 2.03 1.41 5.79 0.40 2.62 6.5525 2,49 1.52 5.61 6.4550 2.89 T.61 5.46 0.57 2.78 6.3855 5.52 1.70 5.52 6.3040 5.77 1.78 5.17 0.74 2.90 6.2445 4.58 1.89 5.03
T.05
6.1950 5.19 0.03 4.91 1.01 6.1455 6.03 0.18 4.79 6.086o 6.86 0.34 4.76 1.21 1.14 6.0265 7.43 0.47 4.67
T.24
5.9870 7.93 O.60 4.66 1.49 5.9575 8.44 0.75 4.64 5.8980 8.83 0.88 4.60 1.73 1.35 5.8485 9.15 1.02 4.56 5.3090 9.44 1.23 4.49 1.07 T.42 5.7595 9.69 1.49 4.42 5.68100 9.05 1.81 4.58 2.42 T.50 5.61105 4.56
1.58
5.56110 4.52 2.74 5.51115
T.67
5.48120 5.20 5.42130 5.75 1.73140 4.55 1.89 5.25150 5.02 0.00 5.17160 5.77 0.14 5.09170 6.42 0.25 5.02180 7.03 0.37 4.96190 7.60 0.50 4.95200 7.98 0.60 4.91210 8.39 0.72 4.90220 8.70 0.82 4.88230 9.00 0.96 4.05240 9.51 1.15 4.84250 9.40 1.26 4.81260 9.75 1.55270 9.77 4.79
90








20 0.17 2.25 6,02 0.30 2.50 6.69
25 6.79 6.65
30 6.70 6.60
40 0.29 2.47 6.65 0.57 2.73 6.51
50 6.59 6.40




80 0.48 2.70 6.48 1.43 6.15
90 6.44 6.08




120 0.77 2.92 6.32 2.32 5.09
1J0 6.29 5.83
140 0.96 T.03 6.25 2.84 T.60 5.77
150 6,21 5.71
160 1.12 T.10 6,16 3.23 1.68 5.66
170 6.15 5.60








220 1.71 T.32 5.98 4.57 5.40
230 5.96 5.36












300 2,63 5.68 6.61 0.29 5.14
320 2.89 1.61 5.59 7.27 0,42 5.08
340 3.31 1.69 5.51 7.70 0.52 5.02
360 3.79 1.78 5.46 8.07 0.62 4.97
380 4.23 1.86 6.41 0.72 4.94
400 4.83 T.97 8.70 0.82 4.93
420 5.40 0.07 8.93 0.92
440 5.98 0.17 9.14 1.03
460 6.54 0.28 9.43 1.22
480 7.02 0.37 9.61 1.59
500 7.40 0.48 9.77 1.62
520 7.73 0.53 9.04 1.79























































































































































































































Graph of Log R vs. Time —— KMnO^ZnO
4-8-
kv ° o o
4-6*
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3.3.5• Resistance . e surements for Potassium Permanganate/Zinc Oxide, 1Q00°C (G*)
Tables 54» 55» 56 and. 57 and graphs 61, 62, 63 and 64 illustrate, for the
system potassium permanganate/Zinc oxide (1000°C), the change in resistance
during the decomposition and also the fit of the Prout-Tompkins equation over
the later stages of the reaction.
In this system the resistance measurements again show an exponential decrease,
over the range ck» » 0 0.3, afterc\» 0.6 there is again little change in resistance.
The Prout-Tompkins equations holds over the region^ •» 0.2 - 0.9» two values
of k being required, one for the acceleratory stage = 0.2 - 0.5» the other for
the decay stage ck » 0.5 - 0.9#





Analysis of system G*.
Rate constants for system G*.
Plot of Io&jqR vs. Time.
Plot of logjQ Vs# <rime#
Arrhenius plot for "rate of conduction"
which gives an activation energy of
E » 26+2 K. eals./mole.
Graph 64 Arrhenius plot for acceleratory and decay
stages which gives an activation energy of
E,j » 29+2 K. cals./mole.
and E^ » 3Q+2 K. cals./mola.
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tun* oL x 10' P.T. log R
5 6.24
10 0.31 2.51 6.13
15 6.00
20 0.50 2.72 5.90
25 5.81
50 0.81 2.95 5.70
55 5.60
40 1.15 T.10 5.52
45 5.44
50 1.57 1.27 5.39
60 2.05 i.41 5.25
70 2.94 1.62 5.05
80 5.95 7.81 4.87
90 5.02 0.00 4.75
100 5.83 0.16 4.65
110 6.55 0.27 4.59
120 7.06 0.38
130 7.56 0.49 4.57
140 3.00 0.60
150 8.45 0.74 4.51
160 8.78 0.86
170 9.10 1.00 4.45
180 9.59 1.19


































Min. dl x 10 P.T. log R ck x 10 P.T. log R
5 6.56 6.3410 6.54 6.28
15 6.53 6,21
20 0.03 6.49 0.03 6.15
25 6.46
50 6,46 6.02
40 0.11 2.06 6.40 0.28 2.46 5.90
50 6,36 5.7860 0.13 2,11 6.32 0.51 2.73 5.6770 6.28 5.5480 0.14 2,16 6.25 0.72 2.89 5.45
90 6.19
T.09
5.36100 0.26 2.42 6.00 1.10 5.26110 5.84
T.24
5.12120 0.53 2.75 5.71 1.48 4.99150 5.60
1".45
4.88140 0.79 2.93 5.50 2.13 4.78150 5.40
160 1.13 T.10 5.23 3.26 1.68 4.60180 1.64 1.29 5.15 4.61 1".93 4.53200 2.20 a. 45 4.99 5.64 0.11 4.45220 2.86 1.60 4,88 6.56 0.24 4.43
240 3.83 1.79 4.81 7.05 0.38 4.42260 4.74 1.96 4.70 7.62 0.50 4.42
280 5.54 0.09 4,65 8.05 0.62 4.42
500 6.40 0.25 4.62 8.54 0.77
520 7.07 0.38 8.92 0.91 4.42
540 7.54 0.49 9.20 1.11
560 7.97 0.59 9.51 1.29
380 8.37 0.71 9.73 1.56
400 8.69 0.82 9.87 1.89










Min. d x 10 P.T. log R dx 10 P.T. log R
5 0.35 1.56 5.33 6.82
10 0.55 2.74 5.65 6.79
15 0.70 2.88 5.50 6.70
20 0.91 1.00 5.34 0.03 6,69
25 1.19 1.13 5.20
6.6530 1.42 1.22 5.06
55 1.75 1.33 4.93
6.6040 2,14 1.43 4.30 0.12 2.08
45 2.68 1.56 4,68
50 5.55 1.70 4.57 6.55
60 1.74 1.95 4.40 0.15 2.17 6.51
70 5.09 0.16 4.30 6.46
80 6.70 0.31 4.25 0.24 2.39 6.40
90 7.54 0.49 4.22 6.3 6
100 8.26 0.68 4.20 0.27 2.44 6.30
110 3.93 0.92 4.20 6.25
120 9.42 1.21 0.37 2.59 6.20
130 9.70 1.51 4.20 6.16
140 9.96 0.44 2.66 6.11
150 6.06
160 0.55 2.76 5.99
180 0.67 2.85 5.87
220 0.93 1.01 5.72
240 1.08 1.08 5.62
260 1.31 J.18 5.48
280 1.49 1.24 5.36
300 1.83 1.35 5.24
320 2.20 1.45 5.15
540 2,69 1.57 5.07






















































































Graph of Log KMn04/Zn0
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3.3*6. . .esistanco . oasuremonts Tor ■•atasaiur. , oinrrv/auata/zinc Oxide -f 1 mole /'
Chronic Oxide "TlFT
Tables 50» 59» &0 &n<i and graphs 65, 66, 67 and SQ illustrate, for the
system potassium permanganate/sine oxide + 1 mole fi> ohronic oxide, the change
in resistance during the decomposition and also the fit of the Prout-Tompkins
equation over the later stages of the reaction.
In this system the resistance measurements again show an exponential decrease
over the range ^ » 0 - 0,2, after which there is a continued decrease until
0,6 after which these is little change.
The I rou t-Tosapkins equation holds over the region d. *> 0,2 «■> 0.9, two
values of k being required, one for the accelerator^- stage cK » 0,2 • 0,54, the
other for the decay stage dv<* 0,54 - 0,9,





Analysis of system H*.
Hate constants for system 8*,
Plot of vs, Time,
Plot of lo _2LMO 1 -oG vs. Time,
Arrhenius plot for "rate of change of conduction"
which gives an activation energy of
E « 30 K, cals,/mole.
Graph 68 Arrhenius plot for accelerator;? and decay
stages which gives an activation energy of
SL m 33+2 K, cals./mole,
and Eg » 35 K» cals./mole.
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lain. dx 10 P.T. log R oL x 10 P.T. log R
5 0.38 2.60 6.59 6.77
10 0.53 2.74 6.43 0.15 2.17 6.71
15 0.70 2.88 6.29
20 0.88 1.98 6.15 0.23 2.46
25 1.12 1.10 6.03
30 1.39 T.21 5.87 0.44 2.67 6.48
35 1.77 1.33 5.67 6.40
40 2.28 1.47 5.53 0.61 2.81 6.34
45 3.16 1.66 5.39 6.26
50 4.39 I.89 5.27 0.84 2.96 6.20
52.5 5.19
55 5.35 0.06 5.12 6,16
57.5 5.08
T.0960 6.01 0.18 5.04 1.09 6.08
65 6.63 0.29 4.93
T.18
5.97
70 7.24 0.42 4.81 1.33 5.85
75 7.68 0.52 4.72
T.29
5.70
80 8.08 0.62 4.61 1.64 5.60
85 8.50 0.75 4.53
T.42
5.50
90 8.87 0.89 4.48 2.07 5.41
95 9.17 1.04 4.45
1.55100 9.39 1.19 4.45 2.64 5.27
110 9.79 1.67 4.42 3.46 1.72
120 9.98 4.40 4.40 1.89 5.06
150 4.36 5.27 0.05
140 5.91 0.16 4.93
150 6.46 0.26
160 6.91 0.35 4.85
170 7.30 0.43
180 7.68 0.52 4.75
190 7.99 0.60
200 8.32 O.69 4.61
210 8.67 0.81
220 8.91 0.91 4.54
230 9.16 1.04
240 9.19 1.05 4.52
250 9.55 1.33








Min. dx 10 P»T. log R d x 10 P.T. log ii
5 0.20 2.31 8.43 6.56
10 0.27 2.44 6.30 6.51
15 0.30 2.60 6.19 6.46
20 0.45 2.60 6.11 0.17 2.24 6.40
25 0.58 2.75 5.96 6.34
30 0.72 2.89 5.84 6.27
35 0.89 2.99 5.74 6.23
40 1.05 1.07 5.64 0.31 2.51 6.19
45 1.28 1.15 5.54 6.13
50 1.56 T.27 5.45 6.08
55 1.86 1.38 5.35 6.02
60 2.30 1.47 5.26 0.47 2.69 5.98
65 2.91 1.61 5.17 5.93
70 3.72 1.77 5.08 5.89
75 4.53 1.92 5.00 5.85
80 5.25 0.04 0.72 2.89 5.30
85 5.79 0.14 4.39
90 6.24 0.22 5.70
95 6.67 0.30 4.81
100 7.05 0.33 0.97 T.03 5.61
105 7.33 0.45 4.74
110 7.73 0.53 5.53
115 8.03 0.61 4.67
7.21120 8.24 0.67 1.41 5.45
130 8.77 0.85 4.57
7.41140 9.16 1.04 2.03 5.30
150 9.49 1.27
160 9.70 1.51 4.48 3.17 7.67 5.18
130 4.45 4.72 1.95 5.07
200 5.39 0.16 4.98
220 6.70 0.31
240 7.34 0.44 4.87
260 7.86 0.56
280 8.31 O.69 4.79
300 8.75 0.85






















60 0.14 2.16 6.88
70 6.83
80 0.17 2.25 6.77
90 6.72
100 0.24 1.39 6,68
120 0.32 2.52 6.66
140 0.37 2.58 6.60
160 0.43 2.70 6.53
180 0.60 2.81 6.43
200 0.67 2.85 6.36
220 0.81 £.94 6.20
240 0.97 1.03 6.20
260 1.11 1.10 6.13
200 1.29 1.17 6.04
300 1.56 1.26 5.93
320 1.75 1.33 5.83
540 2.05 1.41 5.73
560 2.33 1.49 5.64
380 2.73 1.57 5.56
400 3.29 I.69 5.51












































































































































o Graph of Logk(P—T) vs.
T A
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3.3.7 Resistance ..assure '.cuts for . otassiuxa Permanganate/Mckol Oxide (l*)
Graph JQ illustrates a typical example of the change in resistance with
temperature for the system potassium peruanganate/nickel oxide. This system
was treated in exactly the sane manner as the others but the results were
strikingly different. Thus while initially the resistance dropped normally
with increasing temperature at approximately 90°C the resistance commenced
to rise quite sharply until the working temperature was reached, thereafter
there was no change in resistance throughout the decomposition of the potassium
permanganate. Such behaviour would tend to suggest that the initial fall
in resistance with temperature is due to a surface species which is destroyed
at higher temperatures. The temperature at which this destruction occurs
suggesting that the species may be water although it is difficult to understand
why only this system is so affected.
5-3 -
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5.3.3. Resistance measurements for Potassium permanganate/Nickel Oxide (1000QC) (J*)
Tables 62, 63, 64 and 65 and graphs 69, 70, 7^ and 72 illustrate, for the
during the decomposition and also the fit of the Prout-Tompkins equation over
the later stages of the reaction.
In this system the resistance measurements again show an exponential
decrease over the range 0 • 0.5, after which there is little change in
resistance.
The Prout-Tompkins equation holds over the region ck «= 0.1 - 0.9, two
values of k being required, one for the acceleratory stage ok =0.1 - 0.5, the
other for the decay stage ck - 0.5 • 0.9.
Tables 62. 65 and. 64 Analysis of system J*.
Table 65 iiate constants for system J*.
Graph 69 Plot of log^R vs. Time.
Graph 70 Plot of log
Graph 71 Arrhenius plot for "rate of change of conduction"
which gives an activation energy of
S =» 33+2 K. cals./mole.
c2
Graph 72 Arrhenius plot for acceleratory and decay
stages which gives an activation energy of
m 40+2 K. cals./mole.
and E2 « 25+2 K. cals./mole.
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Min. x 10 P.T. log R ol x 10 P.T. log R
10 5.99 5.82
20 5.95 0.13 2.13 5.81
30 5.93 5.80
40 0.19 2.29 5.93 0.13 2.13 5.78
50 5.90 5.77
60 0.22 2.36 5.89 0.15 2.19 5.76
70 5.88 5.74
80 0.37 2.58 5.86 0.15 2.19 5.73
90 9.84 5.72
100 0.40 2.62 5.81 5.71
110 5.79 5.70
120 0.53 2.75 5.75 0.19 2.28
150 5.70 5.63
140 0.64 2.84 5.66 5.67
150 5.62 5.66
160 0.79 2.93 5.55 5.64
170 5.47 5.62
180 1.01 1.05 5.33 0.21 1.33 5.61
200 1.41 1.22 5.22 0.38 2.59
220 2.30 1.47 5.45 0.72 2.89
240 3.10 1.66 5.34 1.08 T.08
260 4.03 1.83 5.21 1.48 1.24
280 4.83 1.98 5.15 2.05 1.41
500 5.79 0.14 2.69 1.56
320 6.26 0.22 5.05 3.41 1.71
340 6.79 O.32 5.02 4.15 1.85
360 7.27 0.42 4.98 4.07 1.98
380 7.59 0.50 4.96 5.46 0.08
400 7.93 0.58 5.99 0.17
420 8.23 0.67 6.40 0.25
440 8.52 0.76 6,80 0.33
460 8.73 0.34 7.18 0.40
430 8.99 0.95 7.54 0.49
500 9.16 1.08 7.88 0.57
520 9.23 1.17 8.13 0.64
540 9.37 1.30 8.34 0.70
560 9.52 1.42 8.60 0.79
580 9.63 1.48 8.83
600 9.68 9.02 0.96
620 9.81 9.24





Table 65 System J* KMnO^ / NiO (1000°)
Run J*1 J* 3
Temp. 209.3°C 204.6°c
Time
Min. dLx 10 P.T. log R d x 10 P.T. log R
5 0.57 2.78 5.81 5.4910 0.74 1.90 5.68 5.4315 0.92 1.00 5.53 5.3620 1.21 1.14 5.34 5.28
25 1.61 1.28 5.18 0.19 2.28 5.20
50 2.25 1*46 5.03 0.21 1.33 5.0955 5.07 1.65 4.90 0.34 2.54 4.9840 5.99 1.82 4.78 0.49 2.71 4.86
45 4.83 1.97 4.67 0,e3 2.95 4.7550 5.52 0.09 4.58 1.37 1.20 4.6355 5.06 0.19 4.50 2.09 1.42 4.5360 6.56 0.28 4.49 2.94 1.62 4.4365 7.03 0.37 3.C4 1.79 4.3670 7.39 0.45 4.45 4.64 T.94 4.3075 7.79 0.55 5.27 0.05
80 8.08 0.62 4.46 5.82 0.14 4.22
85 8.35 0.70 6.29 0.23
90 8.59 0.78 4.45 6.71 0.31 4.16
95 8.85 0.89 7.08 0.38100 9.05 0.98 4.42 7.35 0.44 4.30105 9.20 1.06 7.67
110 9.43 1.22 7.91 0.58 4.30120 9.71 1.52 4.40 8.37 0.71 4.30150 9.95 3.70 0.82
140 4.36 8.98 0.94 4.36150 9.23 1.08
160 9.46 1.25 4.49170 9.65 1.44180 9.79
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Table 64 bystem J* KMnO^ / NiO (1000°)
Run J* 4 J*5
Temp, 198.8°C 193.7°C
Time




20 0.14 2.14 6.14 5.42
25 6.09
JO 0.22 2.35 6.06 5.37
35 6.00
40 0.23 2.33 5.95 0.13 2.11 5.35
45 5.89
50 0.26 2.43 5.84 5.30
55 5.77
60 0.41 2.63 5.70 0.19 2.29 5.23
65 5 .66




00 1.23 5.46 O.36 2.57 5.11
85 5.40
90 2.04 1.41 5.34 5.01
95 5.28
100 3.01 1.63 5.23 0.54 2.75 4.90
110 3.97 1.82 5.15
I.I5120 4.82 T.85 5.07 1.24 4.89
130 5.54 0.09 5.00 1.75 1.33 4.77
140 6.07 0.19 4.95 2.42 1.50 4.67
150 6.56 0.28 4.90 3.20 1.67 4.58160 6.99 0.36 4.87 3.97 1.82 4.50
170 7.33 0.44 4.67 1.94 4.43
180 7.67 0.52 4.81 5.24 0.04 4.38
190 7.95 0.59 5.74 0.13
200 8.22 0.66 4.78 6.15 0.20 4.30
210 8.47 0.74 6.66 0.30
220 8.63 0.80 4.75 6.89 0.35 4.30
230 8.79 0.86 7.19 0.41
240 9.01 O.96 4.70 7.51 0.48 4.28
250 9.16 1.04 7.78 0.54
260 9.32 1.33 4.64 7.95 0.59 4.29
270 9.45 8.19 O.65
280 9.59 1.37 4.59 8.39 0.72 4.30
290 9.73 Q.57 0.78
300 9.84 1.77 4.54 8.70 0.82 4.32
320 8.98 0.94 4.34
340 9.23 1.08
360 9.46 1.24 4.40
380 9.67 1.46 4.40
400 9.83 4.40
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3»3 • 9» Resistor,ce . easurc: ;csnts for Potassium Per:;an, e/ldokol )xido + 1 raola /
Lithium Oxide (K*)
Tables 66j 67, 63 and. 69 and graphs 73, 74, 75, ^6 and 77 illustrate, for the
systea potassium permanganate/nickel oxide + 1 solo / lithium oxide, the change
in resistance during the decomposition and also the fit of the Prout-Tompkins
equation over the later stages of t ie reaction.
In this system the resistance measurements again show an exponential decrease
over the range do 0 - 0,5» after which there is a continued decrease until
dv =* 0,6 after which there is little change.
The Prout-i'onpkins equation holds over the region ck*= 0,05 - 0.9, two valuos
of k being required, one for the accelerators stage cK ■=> 0,05 -0,5, the other
for the decay stag© ck « 0,5 - 0,9«
Tables 66, 67 foid 68 Analysis of system K*„
Table 69 Rate constants for systea K*.
Gra-A 75 Plot of log-jQ-- vs, Time,
Graph 74 Plot of 1°3-jq vs#
Graph 75 Arrhenius plot for "rate of conduction" which
gives an activation energy of
E o 34+4 K, cals,/mole,
C2
Graph 76 Arrhenius plot for accoleratory and decay
stages which gives an activation energy of
* 26+3 K» cals./aole,
and Eg » 32+2 K» cals./solo.
Graph 77 Arrhenius plot of initial "rate of conduction" for
systems J* and K* which gives an activation energy of
E «/jb+2 K. cals./aole.
C1
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mix. ol x 10 P.T. log R dx 10 P.T. log R
5 5.79 6.11
10 0,11 2.04 5.75 6.03
15 5.72 6.05
20 0,13 2.12 5.69 0.14 2.14 6,00
25 5.66 5.96
30 0.14 2,16 5.60 0.19 2.29 5.92
35 5.57 5.88
40 0,22 2.35 0.21 2.55 5.84
45 5.54 5.79
50 0.33 2.53 5.51 0.33 2.53 5.74
55 5.47
2,65
5.6960 0.44 2.67 5.43 0.42 5.6465
2. 84
5.40 5.60
70 0,65 5.36 0,60 2.80 5.55
75 5.31
80 5.26 0.70 1.93 5.45
90 1.71 1.32 5.17 1.0? 1,08 5.36100 2.39 1.50 5.06 1.45 1.23 5.34110 3.23 1.68 4.95 1.97 1.39 5.22120 4.01 1.83 4.84 2.58 1.54 5.12150 4.78 1.96 4.75 3.30 I..69 5.04
140 5.42 0.07 4.66 4.03 1.03 4.96150 5.97 0.17 4.60 4,67 1.94 4.09160 6.40 0.25 4.54 5.25 0.04 4.34
170 6.77 0.32 5.74 0,13 4.78
100 7.09 0.39 4.48 6.23 0,22 4.73190 7.40 0.45 6.63 0.29
200 7.69 0.52 4.42 7.06 0,33 4.65210 7.94 0.59 7.33 0.44 4#
220 8.22 0.66 4.40 7,66 0,51 4.59
250 8.43 0,73 7.95 0.59
4.56240 8.59 0.78 4.39 8.25 O.67
250 0.78 0.36 3.51 0.76
260 8.99 0.95 4.39 3.71 0.33 4.52
270 9.11 1.01 8.97 0.94
280 9.30 1.12 4.39 9.21 1.06 4,46
290 9.43 1,22 9.39 1.18
300 9.55 1.32 4.39 9.55 1.32 4.43J10 9.65 J. 45 9.70 1,51320 9.76 1.61 9.31 1,71 4.40
330 9.07 1.88 9.90 2.01
4.36340 9.96 2.35
Ill




ISin, oL x 10 P.T. log R d. x 10 P.T. log R
10 5.50 5.8120 0.10 2.01 5.45 0.35 2.57 5.7830 5.43 5.7540 0.10 2,01 5.41 0.41 2.63 5.7750 5.40 5.7360 0.11 2.06 5.38 0.41 2.63 5.7170 5.38 5.6980 0.14 2.14 5.35 0.41 2.63 5.6990 5.33 5.69100 0.15 2.13 5.31 0.43 2.65 5.69110 5.28 5.63120 0.20 2.32 5.27 0.43 2.65 5.6?130 5.24 5.66140 0.23 2.37 5.21 0.43 2.65 5.65150 5.18 5.64160 0.28 2.47 5.12 0.44 2.66 5.63170
5.62180 0.36 2.58 0.44 2.66 5.60190
2.67
5.59200 0.49 2.71 0.45 5.57210
0.69 5.55220 2,87 4.83 0.49 2.72 5.53230
T.00
4,78 5.51240 1,08 4,74 0.54 2.75 5.49250
T.31
4.70 5.47260 1,70 4.63 0.56 2.77 5.44270 4.57 5.42280 2.41 T.50 4.53 0.65 2.84 5.40290
T.67





68 System K* KLInO./NiO + LigO
Run K*2 K*3 K*4
Temp. 208.Q°C 199.4°C 195.1 °C
Time
Min. CN X 10 P.T. log R oU 10 P.T. log R oU 10 P.T.
5 0.13 2.26 5.64
10 0.25 2.40 5.63 0.13 2.12 5.40
15 0.31 2.51 5.45
20 0.41 2.63 5.45 0.25 2.41 5.43 0.15 2.18
25 O.64 2.83 5.46 5.41
50 0.82 2.95 5.33 0.31 2.51 5.40
55 1.31 1.18 5.34 5.40
40 1.60 1.28 5.32 0.39 2.61 5.39 0.25 2.41
45 2.18 1.44 5.28 5.38
50 2.95 1.62 5.19 0.52 2.74 5.37
55 3.68 1.77 5.08 5.34
6o 4.40 1.90 4.94 0.64 2.34 5.33
65 5.07 0.01 4.86
T.01
5.27
70 5.65 0.11 4.78 0.93
75 6.22 0.22 4.70
T.2080 6.71 0.31 4.65 1.36 0.50 2.72
05 7.20 0.41 4.61
1.3890 7.68 0.52 4.60 1.95
100 3.43 0.73 4.60 2.72 1.57 0.75 2.91
110 9.02 O.96 4.62 3.63 1.76
T.29120 9.49 1.27 4.66 4.47 1.91 1.63
150 9.82 1.74 4.71 5.24 0.04
T.62140 9.98 4.73 5.88 0.15 2.95
150 4.74 6.43 0.26
T.87160 4.72 6.95 0.36 4.28
170 4.69 7.45 O.46
180 4.65 7.84 0.56 5.45 0.08
190 8.23 0.67
200 8.52 0.76 6.25 0.22
210 3.84 0.88
220 9.11 1.01 6.92 0.35
230 9.32 1.14
240 9.54 1.32 7.50 0.48
250 9.67 1.48




300 9.55 9.07 0.99
320 9.76 9.47 1.25
540 9.96 9.75 1.59
360 9.95
i'able69KatConstantsforSyst mK*ICnO^/lliQ+Li^,0 Run1/f°Ax105 ok-ra gek10d̂rangex102 C1" 2 K*12.118 K*22.075 K*52.117 K*42.136 K*52.167 K*62.188 i^72.1190-0.055.6 0-0.021.95 0-0.051.18 0-0.0656.50
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Graph of Log kc vs. / — KMnO/NiO+LiO
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msao^ 27+2 30+2 25+2 23+2
maaoj AI2G5 32+3 3+2 33+2
KMaO^/FOgO^ 4?>t2 3Q+2
KMnO^nO 40+3 3Q+2 33+2
KMnOVZnO (1000°) 26+2 2^o» 30*2
iainO^/^nO + CXgOj 30*2 33+2 35+2
KMnO^/KiO (1000°) 4-5+2 33+2 40+2 23+2
EinCyKiO + Lig0 4G+2 34+4 20+3 32+2
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4* Wi&onssion
This work has bean carried out, primarily, to investigate the effect
that hiO, F©2Oj, InO, CuO, ItnOg anAel-J&gCL have on the isothermal decomposition
of potassium pemanganato and to aoo if electrical conductivity measurements in
conjunction with the use of "doped" oxides would provide an insight into the
mechanism of th© decomposition.
The kinetics of thermal decompositions auet be explained in the
53
light of modern knowledge of crystal structure, Barwin ' was one of the first
to realise that a crystal ma not a perfectly ordered array of lattice points,
but consisted of "mosaic blocks" of micron dimensions, which wore in imperfect
alignment with respect to ouch other. It is now considered that any crystal
greater than cn, 100 y in linear dimensions is divided into disoriented regions
by subgmtn boundaries which are normally in tho region of apart. Those
boundaries ora probably two dimensional arrays of edge and screw dislocations
which are sites of mechanical weakness and high reactivity. The suhgraina
arc further divided, by a network of single dislocations, into the basic mosaic
blocks. Whilst those mosaic blocks contain no dislocations titers are still
regions of disturbance duo to crystal imperfections* normally Frankol and
bohottky defects. Such a theory is aocoscary to explain the observed
intensities of X-ray diffraction spots and also many cho: leal ana physioal
phenomena in the solid state. That such a dislocation syaicu could probably
11
exist in a crystal was shown by hedges and . itchell who showed thai the
precipitation of photolytic eilvor in silver bromide marked out line networks
in the crystal interior which hud all the expected charaotoris tics of a
dislocation system.
116
Applicatio of this picture to potassium permanganate indicates that
grinding to a fine powder probably reduces the crystals to subgrain size and
so eliminates most of the subgrain boundaries. During pelleting due to the
high pressure of compression, however, it is not entirely unforseen that the
subgrain boundaries become once again contiguous and that the pellets decompose
similarly to a crystal of permanganate.
From the results in sections 2.5.1. - 2.5.11. it can be seen that the
oxides have a varying' catalytic effect on the decomposition. The decomposition
tends to split into three stages * the initial reaction which probably extends
to 0.1 followed by the stage ck ~ 0.1 - 0.5 which is best fitted by the
Prout-Torapkins equation and lastly by the decay stage which is again best fitted
by the Prout«Torapkins equation. For convenience therefore each stage of the
decomposition will be dealt with separately although the ultimate aim is to
discuss the kinetics as one unit.
The range over which the catalytic effect of the oxides extends can
be seen by reference to graphs 79» 00 and 81. Graph 79 shows the rate constants,
derived from the decay stage of the Prout-Tompkins equation, for most of the
systems studied. The points all lie, within the experimental scatter, along
one line thus showing that the oxides have little effect in the range c\ = 0,5 • 0.9.
This is also borne out in Table 70 which shows that there is no significant
difference between the activation energies, for this stage of the decomposition,
for the various systems studied with the possible exception of KVinO^/ol-Al^O^.
In graph 80 are shown the rate constants derived from the "branching
plate" stage of the Prout-Tompkins equation 0.1 - 0.5. Here there is
rather more scatter, perhaps indicating that the oxides do exert an influence
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oxides on the decomposition in the ranged = 0 - 0,1, which is shown in
graph 81, shows that any effect of the oxides in theot- range 0.1 - 0.5 is
probably small. Table 70 shows that there is also no significant change
in activation energy, again with the possible exception of KLinO^/d- Al^O^
and KMnO^/NiO (1000°).
The catalytic effect is thus mainly confined to the first 10$ of the
decomposition. As has already been mentioned, due to the fact that in this
range a common kinetic equation does not hold for all the systems studied, resort
had to be made to the technique of arbitrarily selecting the inverse of the
time to reach cK - 0.0J as a measure of the catalytic effect in this stage.
Graph 31 is the Arrhenius plot for these rate constants only the best line
being shown for simplification. From this graph, the following "catalytic
activity series" is arrived ats
NiO > Fe2C>5 > CuO > ZnO, ek- Al^ > iinOg.
The reliability of this series will be discussed later. However it is worth
mentioning at this stage that graph 01 indicates that there should be no
significant change in activation energy, between the various systems, for the
initial decomposition. This is more conclusively proved in Table 36 where the
activation energies, derived from the temperature coefficients of the appropriate
rate constants, are tabulated.
Thus it would appear that the catalytic influence of the oxides does
not extend beyondo^= 0.1. It is however possible that any mechanism involving
the oxides is still functioning beyondoC= 0.1, but that the decomposition due
to this is swamped by that due to the "branching plate" mechanism of the Prout-
Toupkins equation.
The decomposition thus appears to follow a similar course to that
20
suggested by Prout and Tompkins for the decomposition of a series of
alkali permanganates. The reaction is initiated :ainly on the external
surface leading to the formation of product molecules which have unit colls
of different geometric form and dimensions from that of the unreaeted
permanganate. Thus whereas potassium permanganate has an orthorombic unit
34-
cell, with a » 9*99» b = 5»72 and c = 7.4^ & > manganese dioxide has a
body centred tetragonal cell of edge 4.44k and an axial ratio of 0.6^1 for
/ 33
c/a where a is 4.30A . The interfacial region will therefore be one of high
energy and strain. The decomposition will therefore proceed by (1) an outward
growth along the surface and (2) by penetration into the mass of the crystal,
rather than by the creation of further isolated nuclei. The decomposition
spikes so produced cause strain in the crystal which is relieved by the
cracking of the crystal} this cracking will probably take place preferentially
at dislocations, since these are positions of mechanical weakness. In support
of the existence of such strain in the crystal Prout and Herley*^ have reported
that Laue photographs of partially decomposed crystals of potassium and silver
56
permanganate show asterism of the spots. They have also shown , in the case
of silver permanganate, the existence of a surface layer of product in partially
decomposed material.
The decomposition then proceeds by means of "branching planes". The
controlling factor in the rate of decomposition is now the probability of
branching "k", the branching of the interface reaction occurring when the
interface meets a dislocation in the crystal, as was first postulated for silver
19
oxalate . The decomposition then proceeds on the freshly exposed surfaces
created by the cracking. This branching of the interface, however, does not
119
continue unhindered; if such was the case a pure exponential relationship
18
would result as was originally put forward by Gamer and Hailes . Instead,
interference sets in, branching terminating when a "branching plane" meets a
decomposed surface. It is this interference which leads to the Prout-Tompkins
equation being required. Decomposition by such a mechanism requires that
the activation energy for the initial surface reaction should he greater than
that for the branching interface process. This was found to be the case:
the activation energy for the initial decomposition ck » 0 - 0,10 for all the
systems studied was 50+5 k. cals./mole, whereas that for the branching interface
reaction was with the possible exception of the system KllnO^/k- AlgO^,
28+5 k, cals./nole. This last figure is lower than any previously published
results and nayr show a continuation of the observation reported by Prout and
20
Tompkins that the grinding of potassium permanganate crystals reduced the
activation energy from 58*5 k. cals to 54*5 k. calo/mole. Thus the compression
of powdered permanganate may have further facilitated the "branching mechanism".
Certainly comparison of the absolute values of "k" obtained in this work with
those reported by Prout and Tompkins shows that the rate of decomposition is
approximately doubled. Thus irout and Tompkins report the rate at 205°C and
o 2
210 C, for ground crystals, to be respectively 1.15 x 10 rain" and
2 "»1 'O
1.76 x 10 min. whereas in the present work for run A*5 (204.6 C) and
o 2 2
A*4 (209 C) the rates are respectively 2.77 x 10 min." and 4.55 x 10 rain." •
Another possibility for this reduction in activation energy may lie in the
heat treatment these sa iples were given, namely the gradual heating from room
temperature to the reaction temperature. In this connection, however, it
should be mentioned that in section 2.5.1 the sample used in run A6 was preheated
for 5 hours at 120°C. This appeared to have no significant effect on the rate
120
of the initial decomposition ( ok = 0 - 0.1) nor on the rate for the initial
fast growth as can he seen by reference to graphs 5 and 6, The term
"initial fast growth" is used to cover faster growth rate of the nuclei
X.
in the range ck = 0 • 0.002, which can be seen when the plots of ok vs.
Time are extrapolated back to zero time. It therefore seems unlikely that
the heattreatment. is responsible for the reduction in activation energy.
In the case of the system lainOrki- A1_0, the activation energy is 43+2 k.
4 2 3
cals./mole; here owing to the fine particle size and large surface area of
the oxide some interference with the "branching" may occur. Overall however
it would appear that the oxides do not affect this stage of the decomposition.
Graph 42 shows that no significant change, bearing in mind that each point
refers to a different pellet, occurs in the rate constants for the "branching
plane" stage on increasing the nickel oxide content of the pellet. If the
oxides did affect this stage of the decomposition a change in the pellet
composition should have led to a change in tho rate constant.
The reaction thus proceeds by the "branching plate" mechanism until
the maximum rate is reached, which signifies that the crystallites are now
of approximately raozaic block dimensions. Branching is now no longer possible
since these blocks contain no dislocations.
The decay stage of the decomposition then starts at ok » 0.5. In
this region the rate determining step is the amount of undecomposed permanganate
with the added restriction, required by the Prout-Tompkins equation, that
before an undecomposed particle can react it must be adjacent to a decomposed
particle. The condition of the reaction interface will therefore be of major
importance in such a mechanism. It is therefore feasible that the oxides
could effect this stage of the decomposition since, providing the oxides have
a reasonable surface area, merely by acting as a "filler" they could disrupt
the interface, reducing the probability of contact between decomposed and
undecoaposod particles and thus the rate of the decay stage of the decomposition.
That nickel oxide does exhibit such an effect is shown in graph 42, where, even
bearing in mind that each point refers to a different pellet, there is clearly
shown a dependency of reaction rate on oxide concentration - an increase in
the concentration of nickel oxide lowers the rate. If this reduction in
rate is due merely to the simple mechanical filler action described above, then
all the systems should show this reduction in rate. It should therefore be
reflected in graph 79, where log k^ is shown as a function ofV^°, since even
if all the oxides lowered the probability of contact, and hence the rate, by
exactly the same factor, there should be a significant difference between this
rate and the rate for pure potassium permanganate. This is not so; as has
already been stated the rate constants lie within experimental error, about
one line with perhaps the rates for the systems KMnO^/NiO and KMnO^/FegO^
slightly lower than the others. The oxides do not, therefore, appear to act
as fillers and any effect by them on the rate of decomposition in the region
ok a 0,5 - 1.0, would appear to be restricted to nickel oxide and perhaps
ferric oxide. Such selectivity would appear to suggest that the reduction
in rate is possibly due to a chemical interaction between the oxide and the
decomposition products, which results in the disruption of the reaction
interface.
It would therefore appear that only nickel oxide from all the oxides
studied exert any effect on the later stages of the decomposition probably
due to an interaction between the oxide and the decomposition products. Such
an interaction should occur throughout the decomposition and so is in agreement
with the conclusions drawn from the shape of the "cK" - time curves. As
122
has already been stated the effect of the added oxides on the shape of the
"dL" « time curve, is in all the systems studied with the exception of
KLinOyiliO, exhausted af terck = 0.15. This is illustrated for the system
KlInG^/Fe20^ in graph 1, However, as is shown in graph 82, the effect of
nickel oxide persists throughout the decomposition. The fact, as has
already been discussed, that the decomposition rate in the regiono'v. = 0.1 -0.5
is not affected by the concentration of nickel oxide present does not
invalidate the arguement of an interaction between oxide and products, since
this rate is priraarily a measure of the probability of the interface branching
at a dislocation,and would thus not be affected by any interaction, and would
therefore be independent of oxide concentration. This interaction with the
products may, however, be the reason for the other "unusual" results which
have been obtained with the system EMnO^/HiO - the fact, already mentioned
in the experimental, that unlike the other systems there is no measurable
change in electrical conduction during the decomposition of the permanganate-
oxide pellet and also the fact, as will be discussed later, that unlike the
other systems which exhibit catalysis as unpelleted powdered samples the
system KMnO^/liO requires pelleting before any catalysis is shown. Certainly
any interaction between oxide mad solid decomposition products would be
enhanced by the greater contact which would occur as a result of pelleting.
The exact nature of the interaction is not known but it would
certainly appear to be dependent on an "active surface" and on surface area,
since heating of the oxide to 1000°C, which will also be discussed later,
destroys the catalysis, and the shape of the "ok" - time curve return to
the more normal sigmoids! shape, as is shown in graph 82. It is also
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is now possible to measure a change in electrical conduction during the
decomposition.
It therefore appears that in its action on the decomposition of
potassium permanganate nickel oxide behaves differently from the other
oxides studied.
Return is no?/ made to the initial stage of the decomposition
c< » 0 * 0,1 the region in which the catalytic influence of the oxides is
greatest and where the kinetic equation required depends on the system.
Since this stage is essentially a surface reaction the rate of decomposition
will be heavily dependent on the exact nature and condition of the surface
e.g. number of active sites and concentration of oxide present at the
surface. Such factors are likely to affect the values of k , which is
based only on the first three percent of the decomposition, sore drastically
than the rates based on the kinetic equations covering the first ten percent
of the decomposition. This dependency of and ^ y Qn concentration
of oxide in the pellet, is shown for the system KMnO^/$?iO, in graph 41 where
the rates increase with increasing oxide concentration up to a maximum at
seventy percent oxide. It has already been stated that nickel oxide is
somewhat unusual in its action, but it is probable that a similar dependency
of reaction rate on oxide concentration, in this cK -region, will hold for all
the systems, although perhaps not in so pronounced a manner as in the system
KMnO^/HiO, Comparison of the values of and . for run L5(50f;. NiO)
with the results for system I shows a fairly high discrepancy reflecting the
irreproducability of runs performed on different "pellets". This discrepancy
may be due, in view of the closer correlation of k^ ^ y for run
L4(40;o HlO) with those for system I, to changes from one pellet to another
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in the concentration, of oxide at the surfaces of the permanganate particles,
this despite the care taken in nixing to ensure complete homogenioty and
the agreement in every case between the final oxygen pressure and the calculated
weight of permanganate present which was based on the sample weight and the
"known" composition of the pellet.
This must therefore throw considerable doubt on the validity of the
"activity series" which was derived solely from the values of k^. It is
probably better therefore to now consider the oxides as falling into three
groups - the most effective catalysts are NiO and FSgO^S less effective are
d-Al„0^, ZnQ, CuO and MnO^, and finally those with no effect are ZnO (1000°),
ZnQ + CrgOj, RiO (1000°) and NiO + LipO » and to ignore the exact order
within the groups. It is probably also important to realise that this order
is strictly only applicable to the very initial stage of the decomposition;
up to d.a 0.05.
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These groupings are similar to those found by Roginsky and Shultz .
Also in agreement with these results is the dependence of the initial catalysis
on, the heat treatment of the oxides. Thus by heating NiO and ZnO to 1Q00°C
the catalytic effect has been destroyed. The initial catalysis is also, it
would appear, independent of semi-conductor properties of the oxides. Thus,
the incorporation of altervalent lithium oxide and chromic oxide into the
lattices of nickel oxide and zinc oxide respectively will have considerably
altered their conductivities, but this led to no significant change in
catalytic activity. This tends to-suggest that the initial catalysis depends
on an "active surface" and on oxide surface area. This would certainly
explain the rather random grouping of semi-conductor types present in the
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activity pattern and also the dependence on heat treatment, since the heating
at 1Q0G°C will have caused considerable sintering of the oxides and thus
reduction of surface area. This dependency on surface area raises great
difficulties in trying to assess the relative efficiency of each oxide: factors
such as volume effects due to the different densities of the oxides (the present
systems are on a weight basis), and areas of contact between the particles
which in turn would be related to the particle size distribution, would have
to be taken into account.
Such ideas, however, are in line with the results of Srofeev*^ and
32
Komatsu who found that the initial rate of decomposition was dependent on
the surface area and particle size of the permanganate. It could be argued
therefore that in the mixing of the permanganate and oxides, which was carried
out by mortar and pestle, a further increase in surface area of the peiraanganate
occurred which would be related to the surface area and abrasive character of
the oxide. If this is the case pelleting of these systems would not be
required for catalysis to be observed and may perhaps even hinder it.
Runs were carried out on un-pelleted samples in section 2,5.11 and
showed that Fe0CL ,<*-Alo0_, ZnO and CuO did in fact show catalysis. Nickel
oxide, however did not show any effect probably due, as has been said before,
to the fact that this oxide acts by some interaction with the products and thus
requires a greater degree of contact than is present in a loose powdered
mixture. The much greater effect observed with the un-pelleted ferric oxide
in relation to ot- alumina, zinc oxide and cupric oxide probably suggests that
at least in this case a further mechanism, over and above any effect due to
an increase in surface area of the permanganate by grinding, is involved.
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Also pointing to another mechanism occurring, although in this case not until
after ck = 0.0J, is the fact that whilst ZnO (1000°) and ZnO * Cr^O^ show no
catalysis when measured, by "lcv", the rate constants for these systems derived
from the t relationship, which holds to ok« 0.10, are comparable with those
derived from the same relationship, for the system KHnOAlgO , and are
greater than those for the system KMhOYCuO. It may therefore be that the
semi-conductor properties of the oxides do have some effect although not
until after ck ~ O.Op. Whether or not such a "conduction" effect is observed
with UiO (1000°) and MO + Li^O, which also show no catalysis as measured by
"* cannot bo determined, since no other system is fitted by the exponential
equation required by these systems in thqjlrange 0 - 0.10, However, in
view of the fact that the Prout-Tompkins equation which noivoally holds for
pure potassium permanganate reduces at small values of "eg" to such an
exponential relationship as is required by the systems KMnO^/NiO (1000°) and
KMnO^/iliO + LigO, it may be that in these systems only a very slight modification
if any of the kinetics of pure potassium permanganate has occurred in the range
ok - 0 - 0.10. It is therefore unlikely that any conduction effect does occur
in the stage after ck ~ 0.05. It m®y well be that the larger catalytic effect
shown by un-pelleted ferric oxide as compared with the other un-pelleted oxides
is due to a "conductivity" effect.
In viow of what has been said and since the activation energy for the
initial decomposition ( ok = 0 - 0.10) is 58+5 k. cals./molo, irrespective of
system studied, thus showing that the sarae chemical process is occurring in all,
the kinetic expressions required by the different systems must reflect the
number of nuclei available, whether produced by grinding or by some other
mechanism and the ease of their growth in certain directions. A review
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covering the kinetics of formation and ^jrov/th of nuclei has boon published by
57
Jacobs and Toapkina •
5
For pure potassium permanganate a t relationship was found to hold
up to ck • c 0,09 after which the Irout-Torapkins equation was required. The
t~* relationship lias two possible interpretationsi either a three dimensional
growth of a fixed number of nuoloi at active sites on the surface, or the two
dimensional surface growth of nuclei whoso number 11102*00303 linearly with time.
In view of the quick onsot of "branching" it is probable in this case that the
growth is throe dimensional thus creating a number of decomposition spikes
which results in th© cracking of the crystal. The plots of ck 3- vs time
uera found on extrapolation to give atzero time nuclei of finite sizo,
graph 4# An attempt to calculate the activation energy fox* this very fast
initial growth, graph 5» was made but an accurate figure could not bo obtained.
With the systems KMnO^L-AlgO^, KTuOyCuO, (1000°) and
ISInOySnO + Ci2°3 a relationship holds up tOcA® c 0,1, This corresponds
to the two dimensional surface growth of a fixed number of nuclei, Such a
surface growth is in agreement with the fact that the "branching plato" mechanism
does not commence till relatively late in the decomposition (at » 0 0,2),
For these systems therefore conditions of growth oust be such as to encourage a
surface growth rather than a penetration Into the mass of the sample.
In the case of ICTnC^'hnO the initial reaction proceeds linearly with
time, which suggests that the decomposition proceeds by the penetration into
the sample of a constant area interface, huch a course would require a greater
2 5
surface concentration of nuclei than where the t or t kinetics apply, A
more extreme example is shown by the aysten KLInO^/HiO which requires the
"contracting sphere" expression, Such an oxxn-ossion requires that the particles
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be approximately spherical in shape and that their surface be completely
nucleated, the decomposition then proceeding by the progression of the
intact interface into the crystal. Certainly for such kinetics efficient
nucleation would be required, the formation of a complete surface layer
of products occurring very rapidly.
For the system KMnO^NiO (1000°) and KMnO^lfiO + Li^O the initial
decomposition proceeds exponentially and since the Prout-Tompkins equation
reduces, in the initial stages, to such an expression, the kinetics in these
cases indicate that conditions are very similar to those with pure potassium
permanganate, only a few isolated nuclei being present initially.
The expression required by the systems E.InO^/ke^Ch and iiiriO^/CuO
for the initial decomposition is the a aloge of first order decay and it would
therefore appear in these systems that the rate determining step is the amount
of undecomposed permanganate in contact with the oxide.
Since the kinetics of the decomposition have been explained within
the framework of the Prout-fompkins equation it is desirable to discuss the
conductivity measurements also within this framework. Theoretical aspects
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of ionic conductance in solid salt3 have been treated by Tompkins and Jacobs
but no attempt has been made to apply these in detail in the present work, both
because absolute values of conductance were unobtainable and because the main
object was to observe changes in conductivity during decomposition of the
samples.
Certain features in the conductivity results were common to all the
systems studied: there was an initial exponential increase in conductivity with
time, the exactot- range over which this held depending on the system used; also
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there was little change in conductivity after approximatelyck** 0,6, In
many cases the conductivity change involved powers of ten, showing quite
clearly that the end product had a much higher conductivity than the initial
material.
These and other features can in reasonable measure he explained on
4-6
the basis of the mechanism proposed by huirnova , although the exact identity
of the intermediate, given as IlnO^, or of the conducting species, assumed to
be au electron, cannot be established. At the same time, one has to take into
account the fact that the bulk of the oxygen is evolved according to I'rout-
Tompkins kinetics.
The mechanism proposed by Srairnova is
tkiO, MnO. + e 1.
4 4
MnO^ MnOg + Og 2.
a a
lino' + e >Un04 3.
There are therefore two reactions which could affect the electrical conductivity,
the production of electrons by reaction 1 and their destruction by reaction 3.
The conductivity could also be affected by the build up of solid products. The
general shape of the conductivity - time graph indicates that it may he a composite
figure incorporating both these effects. If the change in conductivity was
entirely due to the formation of solid products then the curve would be
sigmoidal similar to that for the evolution of oxygen, on the assumption that
solid products are formed at the same rate as oxygen is evolved. If on the
other hand the change in conduction was due entirely to the production and
destruction of the conducting species then the curve would rise to a maximum
and then decay to the original conductivity value, the precise shape depending
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on tho concentration and life-tine of the conducting species, ur curves are
the net result of these two effects? we suggest that the exponential increase
in conductivity up tod,= c 0,5 corresponds essentially to the formation of
charge carriers by reaction 1# and that the absence of a subsequent decrease in
conductivity is due to a compensating effect caused by the formation of substantial
amounts of contiguous solid products. It is suggested that the solid products
cannot exercise this compensating affect until a relatively late stag© in the
decomposition when sufficient product has been formed so that the particles may
be contiguous, With pure potassium permanganate, however, a small maximum
in the conductivity curve is observed before the conductivity levels out? here
we believe the effect of reaction 3, is evident causing a fall in the conductivity,
before the compensating effect of the solid products comes into play. . The initial
rise in conductivity must, however, undoubtably be due to the greater rate of
production of charge carriers to their destruction.
The ProuWforapkins equation reduces in the early stages to an
exponential equation} it is only when branching interference and overlapping
of nuclei occur that the Prout- Tompkins equation is required. The reaction,
after the first few percent of decomposition, accelerates therefore exponentially
and provided reaction 1 continues to maintain its increase on J the conduction
which is really a measure of the relative increase of 1 with respect to 3 should
also increase exponentially. The onset of interference and. overlapping should
destroy this exponential increase. However in many cases the exponential
increase in conduction holds toe*.. m 0,5, long after any interference would have
started, why this should be is not known.
The analysis of the results is based on the assumption that the rate
of change of conduction (in fact, the slope of the plot log conductivity vs time)
is independent of the size and thickness of the sample. Thus while the initial
conductivity of the samples is dependent on sise and thickness all the
conductivities could be normalised by use of a multiplying factor. For any¬
one sample, it is assumed that the normalising factor remains constant throughout
the decomposition. Thus while the absolute conductivities differ, the slopes
of the log conductivity - time graphs for the various samples give the relative
!c"b
rates of change of conduction i.e. k in the relation conductivity o( e . This
assumption has been indirectly justified by the fact that Arrhenius plots
constructed from the "rate of change of conduction" at various temperatures give
a reasonable straight line. The activation energy from such a diagram will be
the activation energy for the rate determining stage of the increase in conduction?
and therefore constitutes a measure of the energy required for reaction 1,
In the case of pure potassium permanganate the exponential increase
holds to <A= 0.5 but in the low temperature runs this breaks into two sections
(1) 0 - 0.05 whore the activation energy is 26+2 k, cals/mole and (2)
ck - 0.05 » 0.5 with an activation energy of 38+2 k. cals/mole. This initial
lower activation energy probably points to the existence of a few "active" spots
on the surface and it is probably at these points that the decomposition first
starts; the figure of 58 k. cals represents the normal energy required for
reaction 1 and is in close agreement with the activation energy for the initial
decomposition as measured by oxygen evolution. This agreement suggests the
conclusion that the rate determining step in the decomposition is the removal
of an electron from the permanganate ion. It is surprising however that the
lower figure of 26 k. cals/raole is not reflected in the very early stages of the
oxygen evolution measurements, it may be therefore that '•*••• conduction in this
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early range is a surface process involving a species other than that
corresponding to reaction 1. Between ck= 0,5 and 0,6 the plot of log
conductivity vs. time exhibits a small maximum which is due to the relative
increase in rate of reaction 3 with respect to reaction 1, the continuation of
the fail in conduction being cancelled by the increase due to the continued
production of more solid products.
The oxide systems studied fall into two groups. The first group
includes the systems KUnO^/Fe^0^,KMnO^/ZnO, KMnO^/NiO (1000°) and KllnO^/NiO + Ii^O
which exhibit basically all the features of pure permanganate i.e. exponential
increase which holds to d « 0,5 and a similar activation energy of "conduction".
There is however no maximum in the log conductivity - time graph. In the case
of KMnO^/FegO^ and KJIhO./ZwO the exponential increase holds to d = 0,5 giving
only one activation energyi 40+2 k, cals as compared with k. cals for pure
permanganate. The oxides appear therefore to have no effect on the activation
energy of the rate determining stop,and their catalytic effect raust arise from an
increase in the pre-exponential terra, probably due to an increase in the number
of decomposition sites. The activation energy for the initial decomposition,
as measured by oxygen evolution, should not he altered therefore by the presence
of these oxides and this is in fact the case.
The absence of any maximum on the log conductivity - time curves (and
this also applies to the Group 2 of the systems - see below) indicates that,
in the presence of initially added oxides either the destruction of the charge
carriers is more efficient or there is a greater compensating increase in
conductivity due to solid products. The former suggestion corresponds to a
relative increase in the rate of reaction 3, compared with 1 and the latter
requires the contiguity of the particles of solid products (perhaps sandwiched
between particles of added oxide) to bo established at an earlier stage than in
pure permanganate.
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In the case of KMnO./NiO (1000°) and KMnO./ffiO + Lio0 the4 4
exponential increase splits into two stages, the first extends to oL = 0.06 and
has a high activation energy 46+2 k. cals, the second stage for ck = 0.06 - 0.5
gives an activation energy of 34+4 k» cals which is not significantly
different from that for pure permanganate. The initial high energy probably
reflects that the initial conducting species are trapped out by the p-type
oxide, the higher energy being that required to raise the conducting species
from the trap into the conduction hand. Later, however, the traps become
saturated or neutralised due to the production of product and the energy
required for conduction then becomes the same as for pure permanganate. There
should therefore be no significant change in the activation energy for the
initial decomposition, as measured by oxygen evolution, and this is the case.
The fact that these systems tend to show no catalytic activity as measured by
"k " and the similarity of the initial decomposition kinetics to those for pure
permanganate, are probably doe to the fact that since these oxides have relatively
small surface areas they are unable to activate the permanganate surface
significantly and bring about any change in the pre-exponential term.
The second .group consists of the systems Al^O,, KMhO^/ZnO (1000°)
and KTnO^/ZnO + Cr^tX• in this case the exponential increase only holds to
ck = 0.2, after which there is a continued rise in conduction but at a slower
rate, before the conductivity levels out at ok = 0,6, The initial exponential
increase in these systems give a lower activation energy for conduction. Thus
for KMn0^-Al20, Eq « 32+3 k. cals, for KMnO^/ZnO (1000°) Eq * 26+2 k. cals
and for KMaO^/ZnO + Cr^O, = 30+2 k. cals. These systems at first sight
therefore appear to have a definite effect on the ease of production of the
conducting species. Since the group 1 results have tended to support the
view that this is the rate determining step for the decomposition, the lower
activation energy given above for the second group should be reflected in the
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activation energy for the initial stage of the decomposition, as determined
from oxygen evolution measurements. This however is not so: the oxygen
activation energies for these systems KMnO./ot-Al_0, E » ?33+2 k. cals,4 ^ J °2
KMnCK/ZnO (1000°) E - 43+5 k, cals and KMnO/ZnO + Cr„0_ B - 43+5 k. cals
are very similar to that for pure permanganate. It is perhaps noteworthy
that for pure potassium permanganate in the range0 - 0.05, the conduction
activation energy is also "low"j. C 26 k. cals/mole compared with 26 - 32 k. cals
for this second group of systems. For the latter, where the added oxides are
mainly n-type, it may again he suggested therefore that the conduction is by
a species arising other than by reaction 1. If on the other hand, these
oxides do in fact facilitate the release of an electron from the permanganate
ion, then their catalytic action is readily explained and also the preference for
2
surface growth of nuclei indicated by the t kinetics found for all three systems
2
for the initial stage of the decomposition. Coupled with the t process is
the postponraent of the onset of the Prout-Tompkins branching until ol =0.2; with
the other systems and with pure permanganate the onset normally occurs at
approximately ok = 0.1.
The lowering of the energy required to remove an electron from the
permanganate ion may in the case ofd-AlgO, owing to its large surface area,
be due to the creation of many more "active" sites on the permanganate by
grinding during mixing, or to some semi-conductor property of thed-Al^.
However, in the case of ZnO (1000°) and ZnO + Cr^O^, since they have relatively
low surface areas, the reduction in activation energy would most probably be
related to the semi-conducting properties of the oxides. It is to be noted
however that no significant differences in kinetics or activation energies occur
due to the incorporation of chromic oxide into the lattice of the zinc oxide.
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After the exponential increase, as already stated, the conductivity
continues to increase hut at s. slower rate. This probably reflects the return
to the "normal" pure permanganate reaction, but modified slightly by an increase
in rate of reaction 3, duo to an increased electron concentration provided by
the 11-typo oxides.
In conclusion therefore, these results appear to confirm that the
decomposition occurs by a mechanism similar to that proposed by hmirnova, with
the rate determining step the removal of an electron from the permanganate
ion. The catalytic effect of most of the oxides appear not to be related
to any lowering of activation energy for the rate determining step but to an
increase in the pre-exponential term of the Arrhenius equation.
Comparison of the results from this work with the published results of
the effect of oxides on the thermal decomposition of porchlorates^'' ^
suggests that the decomposition of potassium permanganate is more complex.
Due, perhaps, to the fact that, unlike the perchlorates, the decomposition
results in the formation of an oxide, MnOg, which will be in close contact
with the unr©acted permanganate. Also in contrast to the perchlorates, where
the catalytic effeot of the oxides is quite appreciable and extends throughout
the decomposition, is the fact that with potassium permanganate the oxides,
with the exception of nickel, only effect the initial stage of the decomposition
up to ok o C 0,15. Any effect due to the semi-conductivity of the oxides also
appears leas important and if anything is completely opposite to that found
for the perchlorates. For the perchlorate decomposition p-type oxides were
found to be the most efficient catalysts. In this work increasing the p-type
character of the oxides by "doping" had no effect the systems fO&O^KiO (1000°)
and KMhO^/KiO + Li^O were no more efficient than pure permanganate whereas the
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A "brief outline has "been given of the present knowledge of the kinetics
of the thermal decomposition of inorganic solids.
The effect of liiO, Fe^Ch * CuO, ZnO, Iln0o andd-Al^O^ on the
decomposition of potassium permanganate in the solid state has "been studied
using pelleted samples of 1.1 mixtures, by weight, of permanganate and oxide,
The decomposition, in all cases, could be accurately represented by the equation
KMnO^—> K^MnO^ + MnOg + Og
The oxides were found to catalyse the initial stages of the decomposition but
their effect was exhausted, with the exception of hiO, aftercA=» c 0.15. The
decomposition in the later stages, ck = 0.15 - 0.9 followed the Prout»Tompkins
equation, vis.
log clj/1 -«A m kt + o
two values of k being required. This requires the acceleration or autoc&.talytic
stage cA= 0,15 - 0.5 to proceed by a "branching plane" mechanism in which the
planes interfere, k being a measure of the probability of branching. The second
value, kg, is required for the decay stage of the decomposition^» 0.5 - 0.9.
Since in the c< . range 0 - 0.10 a common kinetic equation did not hold
for all the systems studied, it was necessary, in ox-der to measure the relative
catalytic efficiency of the oxides, to resort to arbitrarily selecting the
inverse of the time requiredforokto reach 0.03 as a measure of the catalysis.
This procedure gave the following "activity series".
NiO > FegOj > CuO > ZnO,<*-AlgOj > MnOg
The activation enex*gy for the decomposition in this region, as measured b;
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oxygen evolution, was 33+? k, cals/molej irrespective of system. The
catalytic action of the oxides is therefore due to a change in the pre-
e.xponential term of the Arrhenius equation. Their action would appear to
he dependent on an "active surface" and on oxide surface area, since heating
to 1000°G, in the case of NiO and ZnO, destroyed the catalysis. The semi¬
conductor properties of the oxides do not appear to he important: the
incorporation of altervalent lithium and chromic oxide into the lattices of
nickel and zinc oxide respectively led to no significant change in catalytic
activity or kinetics.
The changes in electrical conductivity of the permanganate - oxide
pellets were measured during the decomposition of the permanganate. The results
have been explained within the mechanism proposed by Sraimova, although the
exact identity of the intermediate given as or of the conducting species
assumed to be an electron, could not be established. These results suggested
that the rate determining step of the decomposition is probably the removal
of an electron from the permanganate ion. The activation energy for the
production of the charge carrier, J8+2 k. cals/mole, is not significantly
different from that for the initial decomposition as measured by oxygen evolution.
The presence of oxides, with the exception of ZnO (1000°), ^nO + and
d-Al^Oj did not alter the activation energy of conduction, confirming that the
catalysis is due to changes in the A factor.
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